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v Abstract
Abstract
As life expectancy and activity levels increase so does demand on total knee replacements
(TKRs). Previous studies have determined that poor alignment can result in pain, lower knee
scores or increased wear. However alignment alone may not result in early failure. Instead it
may be the combination of alignment and the soft tissue conditions within the knee that are
important.
The aim of this study was to investigate the effect of the soft tissues and surgical alignment
on the kinematics and wear of a fixed bearing TKR. Experimental and computational studies
were carried out under soft tissue and alignment conditions to reflect the range found in vivo.
Previous studies have investigated the effect of soft tissues within the knee and the effect of
component alignment as individual variables but not in combination.
The higher tension soft tissue conditions resulted in lower displacements and significantly
lower wear. Surgical alignment also had a significant effect on the kinematics; a 10° posterior
tibial slope dislocated under lower tension constraints. Rotational mismatch resulted in signi-
ficantly higher tibial rotation and abduction-adduction displacements, which can lead to knee
pain and instability.
The tibial slope and rotational mismatch alignment conditions resulted in significantly
higher wear rates than mechanical alignment or 4° varus joint line. Rotational mismatch
should be kept within 4°, the tibial slope should be lower than 4° and the angle between
components in the coronal plane should be restricted under kinematic alignment to reduce
the rotations and wear.
In conclusion, surgical alignment and soft tissue tensions significantly affected the kin-
ematics and wear in this study. One limitation is that the effect of these conditions on patient
satisfaction is unknown. Further investigations should be carried out to determine adverse
biomechanical conditions in different TKR designs.
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Chapter 1
Introduction & Literature Review
1.1 Introduction
Over 100,000 primary total knee replacements (TKRs) were carried out in England, Wales
and the Isle of Man in 2017 [150]. Wear is one of the main causes of failure in TKRs [75,
149, 150, 178]. Wear of the tibial insert can lead to bone resorption around the implant,
aseptic loosening, leading to instability and early failure. As life expectancy and activity
levels increase this could become more of an issue; demand is projected to increase in USA by
more than 600% by 2030 [25, 122]. The risk of revision also increases as the age at primary
implantation decreases, with the lifetime risk of revision at 35% for patients aged 50-54 years
[25].
Experimental wear simulation has been used to predict the wear performance of total joint
replacements. In addition to patient and surgical factors the wear of a TKR has been shown to
depend on a number of factors including insert material (bearing), component design, surface
geometry, contact area, stress and knee kinematics [6, 44, 97, 132]. Therefore understanding
the factors that lead to abnormal mechanics and increased wear are vital in developing long
lasting TKRs.
Currently standard conditions for knee simulation are a walking cycle with an ideally
aligned knee, representing an average patient. Experimental simulation may generate the
average wear found in vivo but not the range of outcomes found in retrievals [85, 95]. This
may be due to factors not currently replicated in standard knee simulation.
Component alignment may result in early failure; it has been linked to knee pain, worse
knee scores, higher contact stresses and increased wear rates [26, 31, 52, 56, 65, 66, 68, 126,
184, 201]. However few studies have compared the effects of alignment on wear, most of these
have only looked at alignment in the coronal plane [65, 184]. So little is known as to the
extent that alignment can affect wear of TKRs.
There are two main wear modes in TKRs; surface wear and fatigue wear. Surface wear
occurs when some of the bearing material is moved by hard particles between two moving
surfaces. Fatigue wear occurs under cyclic loading when the applied load is greater than the
fatigue strength of the material. Many studies have shown that component alignment can lead
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to higher contact stresses [52, 53, 126, 201], however if these stresses are below the fatigue
stress of the tibial insert it may not increase the wear. Below the fatigue stress an increase in
contact area between the tibial and femoral components will lead to a larger wear scar and
therefore increased wear [6, 69, 76].
In experimental simulation the kinematics have also been shown to affect the wear rates
with an increase in anterior-posterior (AP) motion and tibial rotation (TR) increasing wear
[20, 132]. Experimental and cadaveric studies have shown that component alignment affects
the movement of the joint and can change the AP displacement or TR rotation, therefore
affecting the wear [92, 201].
Currently few studies have investigated the effect of alignment on wear. An experimental
and a retrievals study both found that varus malalignment of 3° resulted in the wear rate
almost doubling [65, 184]. While a computational study determined that rotational alignment
may result in the greatest increase in wear [135]. This research aims to investigate the effect
of alignment on the kinematics of the joint and the wear. The amount of alignment simulated
in each plane will represent the variation found in patients.
Alignment of the TKR may not result in failure, often failure occurs due to a combination
of factors such as alignment and body mass index (BMI) [32]. One cadaveric study determined
that changes in the load distribution of the TKR were proportional to the angle of coronal
alignment [201]. It was also determined that tight ligaments resulted in more balanced loading.
This study suggested that alignment alone may not result in imbalanced loading, but it is the
combination of alignment and soft tissue conditions that are important.
Patient factors have been shown to affect the wear of TKRs; patient weight [30], the ac-
tivities they perform [97], soft tissues and muscles [140], the surgical alignment [65, 140, 184],
and interactions between these factors, such as soft tissue and muscle mechanics producing
different kinematics for specific activities. Patient factors are outside the control of the oper-
ating surgeon. The aim of a TKR is to provide a stable knee which will function optimally and
last long. Stability of the TKR is partly dependent upon muscle strength, ligament integrity
and TKR design. A more congruent tibial insert will result in a more stable knee. Increasing
ligament laxity will introduce instability.
Simulating a wider range of patient conditions may replicate the range of outcomes that
occur in vivo and increase our understanding of factors that lead to early or mid-term failure,
or higher rates of failure in younger patients.
There are two approaches to experimental knee simulation; displacement control and force
control. Displacement control defines the AP displacement and TR rotation during the gait
cycle. Conversely, force control uses the AP force and TR torque profiles as inputs, allowing
the joint to move in response to the test conditions such as the applied forces and design of the
tibial insert. Both methods of simulation have their place, the choice between them depends
on the research question. Force control results in more variation in the motions between the
stations on the simulator, as differences such as component position or friction will affect the
kinematics. In a study investigating predefined kinematics, for example a particular action
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such as walking up stairs, displacement control would be the better option. Conversely under
force control the motion of the knee can change in response to conditions such as the soft tissue
constraints and insert design. For tests where the kinematics are not known, for example under
different soft tissue conditions, force control would be used. However it must be recognised
that in defining specific soft tissue constraints as an input in the force control situation, the
kinematic output is being indirectly controlled. There are ISO [186, 188] standard TKR test
conditions for both force and displacement control simulation. These define test conditions
such as the input profiles and methodology.
Under force control simulation springs are used to replicate the soft tissues within the
natural knee, including the ACL and PCL. As the soft tissues within the knee are not linear
elastic The ISO standard [186] AP and TR springs profiles use linear springs but with a gap
around the zero position [73, 113]. The size of this spring gap reflects the laxity within the
knee.
As soft tissues within the knee vary between patients the spring gap and stiffness are
difficult to choose. Ligament balance during surgery is a subjective process so can lead to
unbalanced knees [17, 86]. Ligament balancing is an important factor in wear, range of motion,
and pain [17] as it affects the mechanics of the knee, the kinematics and the resulting variation
in performance and wear in individual patients.
Just as soft tissue tension and laxity influences kinematics in the natural knee the spring
stiffness and spring gap will influence resultant kinematics in the force control knee simulator.
Experimental simulation is expensive with respect to time and cost therefore natural knees
and TKRs have previously been modelled using finite element methods [6, 9, 94, 116, 126].
Computational modelling can provide outputs that are not available under experimental meth-
ods. For example dynamic measurement of contact area, contact pressure and shear forces.
In this research a computational model was developed to simulate the experimental simula-
tion conditions. The model was used to predict the output kinematics, contact pressure and
contact area during the gait cycle under a wider range of alignment and soft tissue conditions.
The aim of this study was to experimentally and computationally investigate the effects
of variation in the soft tissue constraints and component alignment on the output kinematics,
contact area and wear of a fixed bearing TKR. A systematic investigation was carried out to
address the following research questions:
1. What effect does the experimental and computational simulation of different soft tissue
conditions have on the output kinematics with different tibial insert geometries?
2. What effect do soft tissue conditions have under mechanical alignment conditions on
the kinematics, contact area and wear?
3. What effect do component alignment conditions have on the kinematics, contact area
and wear?
4. What effect does the combination of different soft tissue conditions and component
alignment have on the kinematics, contact area and wear?
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In Chapter 2 the experimental methods used within the study will be detailed including the
use of the knee simulator, the contact area measurements and analysis of the wear scars. This
chapter will also detail the validation of the experimental methods and the knee simulator.
In Chapter 3 the development of the computational model will be detailed. Including
initial validation of the computational model, such as mesh convergence. Further validation
of the model using the experimental data will be detailed in later chapters.
In Chapter 4 the effect of different spring profiles, such as different spring gaps and ten-
sions, will be investigated on different tibial insert geometries. This will investigate the effect
of the experimental simulation of the soft tissue conditions on the output kinematics. The
computational simulation of the soft tissue conditions will then be validated using the exper-
imental results.
In Chapter 5 the effect of three different soft tissue conditions, representing a stiff knee, a
resected ACL and a resected ACL & PCL, will be investigated under mechanical alignment
conditions on the output kinematics, contact area and wear. The computational model will
then be validated under the same simulation conditions using the experimental data. Further
outputs such as the contact pressure and contact are throughout the cycle will be found using
the computational model.
In Chapter 6 the effect of different component alignment conditions will be investigated. In
the experimental study five different alignment conditions were studied; mechanical alignment,
4° femoral and tibial varus, 14° rotational mismatch, 10° posterior tibial slope and kinematic
alignment conditions. These were studied under the soft tissue conditions representing a
stiff knee. The computational model was then validated under the same study conditions
using the experimental data. Further alignment conditions were then studied computationally
including, 2° femoral and tibial varus, 8° and 4° rotational mismatch, 4° posterior tibial slope
and kinematic alignment with half the values studied experimentally.
In Chapter 7 the effect of the combination of soft tissue conditions and alignment con-
ditions was studied. The same three soft tissue conditions as those investigated in Chapter
5 were applied in combination with the five alignment conditions investigated in Chapter 6.
Again the computational model was validated using the experimental data and the further
alignment conditions studied in Chapter 6 under all three soft tissue conditions.
Finally in Chapter 8 there will be a discussion of the results, with a summary of the effect
of each alignment condition. The clinical significance of the results will also be discussed along
with the limitations of the research, further work and final conclusions.
5 Chapter 1. Intro and Literature Review
1.2 Knee Anatomy and Function
The knee is made up of three bones; the tibia, femur and patella. The femur has a medial
and lateral condyle; the medial is larger and more symmetrical whereas the lateral condyle is
slightly shorter and wider. The intercondylar notch separates the two condyles on the distal
and posterior sides. The lateral wall of the notch is flat, which is where the anterior cruciate
ligament (ACL) is attached. The medial wall is larger, which is where the posterior cruciate
ligament (PCL) originates.
The patella sits between the femoral epicondyles with the quadriceps tendon on its anterior
side (Figure 1.1). It increases the arm of the quadriceps mechanism and ensures that the
contact area increases as the load does during flexion, maintaining constant pressure.
Figure 1.1: Anatomy of the knee. Image reprinted with kind permission by the OrthoIndy
Knee Preservation and Cartilage Restoration Centre, Indianapolis, IN, USA [155]
The medial side of the tibial plateau is larger and nearly flat (Figure 1.2), whereas the
lateral plateau is narrower and nearly convex. Both sides have a posterior slope of around 10°
relative to the long axis of the tibia.
The menisci sit on the edges of the plateau and increase the contact area and conformity
of the joint. The tibial spine is a depression that goes anteriorly along the plateau which the
ACL and menisci are attached to.
In extension the ACL is taut and the PCL is relaxed, with the opposite in flexion. The
ACL stops hyperextension and internal-external rotation it acts as a stabiliser against femoral
anterior translation and provides up to 85% of the force resisting this movement [152]. The
PCL prevents posterior instability when the knee is flexed. The PCL is the primary stabiliser
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Figure 1.2: Diagram of the tibial plateau. Image reprinted with kind permission by the
OrthoIndy Knee Preservation and Cartilage Restoration Centre, Indianapolis, IN, USA [155]
as it is nearly twice as long as the ACL and is close to the central axis of rotation. It provides
around 95% of the total restraint to posterior translation [152]. It acts along with the lateral
collateral ligament to stabilise the knee. They also perform a proprioceptive function by
sending feedback on the position of the joint.
The collateral ligaments are on the medial and lateral sides of the knee and act to restrict
abduction-adduction. The medial collateral ligament (MCL) resists abduction and controls
rotation of the femur on the tibia in all joint positions. The lateral collateral ligament (LCL)
restricts adduction and lateral rotation of the joint during extension. Medial-lateral (ML)
translation of the joint is controlled by interaction between the tibial and femoral condyles as
well as ligament tensions [141].
There are two main reference axes which are used to define the leg; the mechanical and
anatomical axes (Figure 1.3). The anatomical axes follow the long axis of the tibia and femur
whereas the mechanical axis goes from the centre of the femoral head, through the centre of
the knee to the centre of the ankle. For the tibia the mechanical and anatomical axes are the
same and are around 3° from vertical. The mechanical axis of the femur is the same as for
the tibia so is 3° from vertical. Whereas the anatomical axis of the femur is 5-7° from the
mechanical axis (8-10° from vertical) [163].
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Figure 1.3: Anatomical (femoral shaft axis) and mechanical axes of the leg [83]
1.3 Natural Knee Motion
The knee forms a modified hinge joint, with limited stability from the conformity of the
bones which allow six degrees of movement. There is translation in the medial-lateral (ML),
anterior-posterior (AP) and proximal-distal directions and rotation in the flexion-extension
(FE), tibial rotation (TR) and abduction-adduction (AA) directions (Figure 1.4). The stabil-
ity and motion are controlled by static and dynamic stabilisers inside and around the joint;
menisci, ACL, PCL, collateral ligaments (CL) and muscles.
The average pattern of flexion-extension is biphasic; slight flexion and extension during
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Figure 1.4: Directions of motion in the knee
the stance phase then larger flexion and extension during swing. Knee flexion typically varies
between 60° and 0° [49, 123] (Figure 1.5).
(a) Flexion-Extension (b) Abduction-Adduction
(c) Internal-External Rotation
Figure 1.5: Motion of the knee in flexion-extension (a), abduction-adduction (b) and internal-
external rotation (c) found by Lafortune et al. [123]
Average abduction rotation has a maximum of 5° with most abduction occurring during
the swing phase [49, 123]. During both stance and the swing phases the knee rotates internally;
at heel strike and just before toe off. The maximum internal rotation in both phases is around
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5° [49, 123] .
Rotation of the knee occurs around the axis that passes through the centre of the medial
femoral condyle. External rotation of the tibia causes forward movement of the lateral femoral
condyle, stretching the PCL. The opposite happens from internal rotation. The ACL does
not significantly restrain any internal rotation. The PCL carries a larger force than the ACL
and the LCL more than the MCL [141].
As flexion begins there is external rotation of the tibia to “unlock” the knee. During the
first 30° of flexion there is femoral rollback of the lateral condyle of the femur on the tibia.
After 30° the femoral condyles rotate around one point on the tibial condyles. The medial
condyle of the femur has a larger articular surface so when going from flexion to full extension
the lateral side of the knee reaches full extension before the medial side. When the knee
reaches full extension the femur rotates internally to “lock” the knee. During flexion more
rotation is possible in the lateral side than the medial side. Previous studies have found that
during gait the contact position of the lateral condyle moves posteriorly by around 4-5mm
then moves anteriorly by around 2-3mm for toe off. The medial condyle’s position is far more
constant and only moves around 1-2mm during gait [98, 105, 117, 146] (Figure 1.6). This is
the medial pivot movement.
Figure 1.6: Average medial and lateral condyle positions during normal walking (0% heel
strike to 100% toe off) as found by Komistek et al. [117]
The movement of the knee is carried out by the hamstrings, biceps emoris, gastrocnemius,
popliteus, quadriceps and the soft tissues at the back of the knee. The hamstrings and biceps
emoris are the main muscles involved in flexion of the knee. The soft tissues at the back of
the knee limit flexion. The quadriceps perform the extension of the knee. The “locking” of
the knee is caused by the shape of the ligament attachments and the articulation, making the
femur rotate internally in extension [152].
The peaks in joint forces occur when the muscle forces are at a peak; the hamstrings just
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after heel strike, the quadriceps femoris and then the gastrocnemius during the stance phase
(Figure 1.7). The maximum joint forces vary between 2-4 times body weight [141]. Variations
in the joint force between different people may be due to anthropometric and gait differences.
Figure 1.7: Joint forces during normal walking as found by Morrison et al. [141]
The shear force in the joint is relatively small with an average value of around 0.26 times
body weight [141].
The kinematics of the knee vary between people, previous studies have found that sub-
jects had similar flexion-extension gait patterns, however for internal-external rotation during
stance there was more variation [29].
The measurement of knee kinematics can also be difficult, one of the main issues with gait
laboratory studies is the effect of the skin movement that the markers are attached to. This
skin artefact affects the output kinematics for the subject. A study using reflective markers
to remove the skin artefact found different kinematics to those found previously [14]. This
included lower amplitude of AA rotation and different profile shapes for TR rotation ML
displacement and AP displacement.
The kinematics of the knee are different between a healthy subject and one with osteoarth-
ritis (OA). One study found that patients with severe and moderate OA had lower flexion
angles than normal patients and those with early OA [145]. Severe OA patients also had lower
abduction angles. The patients with early, moderate and severe OA had significantly smaller
external tibial rotation angles at heel strike than the normal patients.
1.4 TKR Motion
Previous studies have investigated the kinematics of TKR patients One study found that the
kinematics of TKR patients were similar to studies with healthy patients, especially when
considering the variation in gait between patients [72] (Figure 1.8). However the data for
normal knees includes an initial peak at around 25% gait followed by a larger peak later in
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the cycle whereas in this study the patient with the TKR just had the second peak of flexion
without the smaller intimal peak being present.
Figure 1.8: Knee kinematics of a subject with a CR TKR walking and climbing stairs as found
by Fregly et al. [72]
Anther study into the kinematics of CR TKR patients found that the patients all had a
slow walking speed and had a reduced stride length and knee flexion [28].
1.5 Design of Knee Replacements
Knee replacements are made up of femoral, tibial and patellar components (Figure 1.9).
The tibial component consists of a bearing surface and a stem that goes into the tibial bone.
These may be made up of a bearing and a tibial tray or combined into one component. The
tibial tray is usually made of titanium alloy, cobalt chrome or stainless steel and the bearing
components are usually made of ultra high molecular weight polyethylene (UHMWPE). The
femoral component is normally made of cobalt chrome and is designed to match the geometry
of the knee. The UHMWPE insert is attached to the top of the tibial tray and sits between
the femoral and tibial components providing a low friction surface. The patellar component
may be used to resurface the back of the patellar and is usually made of UHMWPE. In the
UK the patella is usually not replaced, whereas in the US the opposite is true [4].
1.5.1 UHMWPE
1.5.1.1 Formation
UHMWPE is a viscoplastic solid made up of crystalline phases within an amorphous matrix.
Rows of carbon atoms in lamellae are surrounded by randomly positioned and entangled
polymer chains. Tie molecules connect the lamellae and chains giving the material strength.
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Figure 1.9: Components of fixed bearing total knee replacements. [180]
The chemical structure, molecular weight, crystalline organisation and thermal history all
affect the mechanical properties [41, 120].
UHMWPE is formed as a powder by a chemical process and then compacted into a solid,
by physical and chemical compaction. This involves the particles adhering to each other after
melting and the polymeric chains becoming interpenetrated. The final properties depend on
the temperature and the duration the pressure is applied. Compaction is carried out by ram
extrusion, slab compression moulding or direct compression moulding, the first two of which
may not result in uniform conditions throughout the mass. Air can enter the polyethylene
and become trapped during compression or diffusion during storage affecting the production
of cross-links. The diffusion of the air is faster in the amorphous phase [37].
1.5.1.2 Gamma Irradiation and Oxidation
UHMWPE can be sterilised using gamma irradiation, which causes scissions producing hydro-
gen atoms and alkyl radicals. If the irradiation is carried out in the absence of oxygen the alkyl
radicals produced in the amorphous phase are mobile so have many opportunities to convert
into double bonds within the polymer chain or to recombine and create the original, longer
chains (Cross-linking). Within the crystalline phase the radicals are less mobile so remain
there for a much longer time. With oxygen present a reaction between the alkyl radicals and
the oxygen may occur; oxidative chain scission. This results in short oxidised polyethylene
chains and a lower molecular weight of the material [37]. Once this process starts it cannot
be interrupted and the rate will increase as more alkyls will be created which will then react
with the oxygen. This means that degradation can also occur in vivo leading to weakening of
the UHMWPE [37, 41, 42, 119].
Oxidative chain scission results in a lower molecular weight material which is less resistant
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to delamination. It can be prevented by using a different sterilisation agent like ethylene
oxide or by packaging the component in a vacuum or inert gas to remove the oxygen [37].
Ethylene oxide is a toxic gas that bonds with bacteria, disrupting their function and killing
them [120]. During the sterilisation process there needs to be high control over a number
of conditions including the temperature, humidity and duration. Gamma radiation has been
found to increase the crystallinity of the polyethylene more than ethylene oxide, this is due to
the magnitude of the radiation being larger than the bond energy in the UHMWPE [11]. The
crystallinity of a polymer has a large impact on its mechanical properties with an increase in
crystallinity and decrease in molecular weight attributed to a decrease in mechanical properties
[11]. Ethylene oxide sterilised specimens have been found to have both a larger [11] and a
lower wear rate [57, 202] than gamma-radiated in past research. This variation in results may
be due to variations in the methods of radiation used, some were gamma radiated in air where
as others were radiated in nitrogen. It may also be due to the use of different joints; knees
[202] and hips [11, 57].
1.5.1.3 Cross-linking
The most common way to create cross-links within the material is by gamma irradiation.
Cross-linking UHMWPE has been shown to significantly reduce the wear in joint replacements
[75, 77]. During unidirectional motion the molecules in the UHMWPE orientate themselves
so that they are aligned in the direction of motion. This makes the material stronger in
that direction but weaker in other directions. Cross-linking results in more bonds between
the molecules making them harder to split apart. This makes the material stronger as it is
less susceptible to orientation hardening and softening and increases the resistance to cross
shear. The extra bonds also provide more resistance against scratches and particle movement,
reducing the wear [75, 166].
However some studies have shown that cross-linking reduces some mechanical properties
of the material, such as strength, elastic modulus, fracture toughness and crack propagation
resistance [42, 78]. It has been shown that cross-linking reduces wear however high levels
of cross-linking should be avoided [18, 82, 166]. The cross-linked UHMWPE also produces
a larger proportion of sub-micron debris, which are more biologically active [42]. Currently
moderately cross-linked UHMWPE is commonly used for TKRs as it balances the material
properties against the wear rate.
1.5.2 Cruciate Retaining and Cruciate Substituting
Previous studies have investigated the differences between cruciate retaining (CR) and cru-
ciate substituting (CS) joint replacements. The PCL performs an important function within
the joint, in stabilisation and femoral rollback. It can absorb some shear forces reducing the
amount transmitted to the bone-implant interface and may maintain more natural joint mo-
tion [161, 191]. However proponents of PCL substitution believe that resection of the PCL
during surgery can cause damage and impair its function [200]. It may also degenerate after
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surgery, particularly in patients with osteoarthritis, reducing stability and making cruciate
substitution more reliable [171].
The removal of the PCL can encourage posterior tibial subluxation, however a posterior
post can help to regain stability and reduce femorotibial rollback (Figure 1.9 (b)). Some
studies have found increased flexion and range of movement for CS replacements [129, 171].
However other studies have found no significant difference between CR and CS, with one
finding that the final range of movement depends more on the pre surgical range of movement
and the patients BMI [143]. A wear analysis study found that the cam-post attrition of
the cruciate substituting replacement creates polyethylene debris [167]. This may increase
osteolysis in the patient which could lead to early aseptic loosening.
1.5.3 Conformity
Increasing the conformity of the TKR components increases the contact area, which increases
the stability. It has also been shown to reduce the fatigue wear and delamination by reducing
the contact stresses, as well as reducing the demands on the ligaments [23, 71, 192]. However
the improvement of the mechanical properties of the materials has increased the fatigue limit
of UHMWPE [69, 76]. Recent studies have shown that if the stresses are lower than the
fatigue limit increasing conformity increases the wear as the wear scars cover a larger area
[6, 69, 76]. Earlier studies that found that conformity reduced wear, used polyethylene that
was oxidised or degraded meaning that the fatigue limit was lower. The increase in contact
area was therefore necessary to avoid more wear mechanisms, such as delamination, from
occurring.
The conformity of the components also has an effect on the kinematics of the joint and
therefore the cross shear. The higher the conformity the more cross shear and the higher
the contact area, which increases wear of conventional UHMWPE [6]. Sagittal conformity
may be more important than coronal conformity in terms of wear as the conformity in the
sagittal plane has been found to have the greatest effect on the kinematics of the joint [71].
Different conclusions have been met about conformity, some believe that conformity should
be increased to reduce the stresses and maintain stability. However others believe that the
conformity should be reduced. The amount of conformity should maintain a sufficient level
of stability and ensure that the stresses do not rise above the fatigue limit of the material
[6, 192].
1.6 Causes of Failure
Knee replacements may fail due to factors such as; aseptic loosening, infection, fracture, joint
stiffness, instability due to collateral ligament instability and wear or failure of the UHMWPE
component [119, 178]. Wear is one of the main causes of failure in TKRs and was the main
cause of failure in the 2018 NJR report [75, 150, 172, 178, 190].
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1.6.1 Instability
Instability causes around 10-20% of TKR failures [3, 153, 157]. Instability soon after TKR
may be due to poor component alignment or soft tissue imbalance. Instability that occurs
later is often due to wear of the polyethylene insert [153].
Symmetrical instability occurs when the extension space is too large for the femoral and
tibial components [153, 205]. This may be due to over resection of the distal femur, resulting
in an elevated joint line. The change in the joint line will affect the patellar tracking, limit
flexion and may cause mid flexion instability.
Asymmetrical instability often occurs due to inadequate correction of a preoperative de-
formity, commonly a varus deformity [153, 205]. If the soft tissues are not released and bal-
anced correctly this may lead to a progressing varus deformity and increased medial stresses,
wear, and a loosening of the soft tissues on the lateral side of the knee. This leads to asym-
metrical wear of the polyethylene and instability of the knee.
Flexion instability is a result of the flexion gap being too large and is a cause of TKR
failure [153, 205]. Early flexion instability is likely due to flexion and extension gap imbalance,
whereas late flexion instability may be due to PCL loosening, resulting in wear and instability.
1.6.2 Poor range of motion
A low range of motion can be due to a number of causes including preoperative range of
motion, preoperative diagnosis and patient factors such as low pain threshold [54, 112, 153].
Stiffness of the TKR limits motion as well as predisposing the patients to pain.
The positioning of the components is important in range of motion. Internal femoral
rotation and patellar maltracking have been found to result in a limited range of motion as
well as pain [153]. Stiffness in the knee can also be due to the formation of scar tissue [153].
1.6.3 Aseptic loosening
The wear debris from the UHMWPE can cause a biological response causing osteolysis. The
wear debris activate macrophages, which in turn activate osteoclasts leading to bone reduction
around the TKR causing it to become loose, this is called aseptic loosening. The bone loss
increases the ease of transport of wear debris leading to more bone resorption [190]. The
smaller the wear debris the higher the biological response so the greater the osteolysis [108].
The wear rate of the TKR is affected by a number of factors including materials, forces,
kinematics and manufacturing processes [5, 6, 44]. The kinematics and contact area of the
joint depend on the conformity of the replacement, the ligament tensions, muscle forces and
the alignment of the components [6, 44, 92].
1.6.4 Patellofemoral complications
TKR failure may be due to subluxation or dislocation of the patellar or due to knee pain from
patellar maltracking [153]. Patellar problems have been reported to occur in 5-30% of TKRs
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[136].
The kinematics and alignment of the knee may affect the patellofemoral contact. Internal
rotation of the components results in an increased quadriceps angle (Q angle). An increased Q
angle reduces the efficiency of the quadriceps muscle and results in a lateral pull on the patella
which may cause knee pain, instability and patella maltracking [22, 43, 64, 138, 153, 169, 175].
A previous study found that the mean Q angle was significantly higher for patients with knee
pain than those without [64]. An overall valgus leg alignment will also result in an increased
Q angle and therefore may lead to pain and instability [153].
Internal rotation of the femoral component will result in increased lateral soft tissue ten-
sions during flexion and may cause patellar maltracking [22, 34, 136, 153]. The soft tissue
balance of the knee will also affect the patellar motion; soft tissue imbalance may result in
patellar instability [153].
1.7 Tribology
1.7.1 Types of Wear
Wear is the removal of a material because of impact or friction from another surface. There
are five main types; abrasive, adhesive, fatigue, erosive and corrosive [108]. Common wear
modes in TKRs include scratching (abrasive), burnishing (adhesive), pitting (fatigue) and
delamination (fatigue) [108].
Abrasive wear is when the bearing material is moved by hard particles between moving
surfaces [111]. If a hard particle is between the articulating surfaces it can cause damage to
the softer surface. Abrasive wear can be minimised by using hard and smooth surfaces, like
ceramics, and reducing the number of particles between the articulating surfaces by ensuring
they are properly cleaned before surgery [108].
Adhesive wear is the transferral of material from one surface to another due to the relative
motion of two surfaces and mainly occurs with metal surfaces [108]. There are three types
of adhesive wear; severe, moderate and burnishing [168]. Burnishing is the most common
adhesive wear in TKRs [108]. Burnishing only occurs in special situations, for example highly
compatible surfaces and when there is a low pressure on the surfaces. The transitions between
the wear regimes can be sudden as the conditions between the surfaces change [168]. Adhesive
wear can be minimised with boundary and fluid-film lubrication (Figure 1.10). Boundary
lubrication is when the fluid creates a boundary film between the two surfaces and fluid-film
lubrication is when the two surfaces are completely separated with a fluid gap between the
two boundary films [108].
Fatigue wear occurs under cyclic loading when the applied load is greater than the fatigue
strength of the material. Fatigue cracks are formed at the surface which can then spread to
the subsurface of the material, join and result in separation and delamination [118]. Even
if the apparent contact stress is under the yield stress local yield can be achieved on the
surface of the material due to discontinuities in the material [115]. Under sliding contact the
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compressive stress on the surface can stop surface crack formation. Horizontal subsurface
cracks can form around discontinuities in the material, these can grow, join and lead to thin
sheets of the material detaching from the surface (delamination). Short term fatigue failure
can be avoided by minimising the contact stress between the two surfaces [108].
Figure 1.10: Boundary and fluid-film lubrication [108]
1.7.2 Wear Laws
There are three wear laws [108]:
1. As the load normal to the surface (P) increases the wear volume (V) increases
2. As the sliding distance (s) increases so does the wear
3. As the hardness (H) of the softer material increases the wear decreases
These laws can be combined to form equations for the wear coefficient (K1) and the wear
factor (K) (equations 1.1 and 1.2) . The wear factor is often used, as the hardness can be
difficult to find for visco-elastic polymers.
K1 =
V H
Ps
(1.1)
K =
V
Ps
(1.2)
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The real contact area between two surfaces will be smaller than the apparent area as the
contact will just be between the asperities on each surface [15, 111]. There is a high pressure
in the contact between the asperities, which will cause them to deform until the contact area
between the surfaces is large enough to support the applied load. The material that has been
sheared off the surface forms debris and may remain between the two articulating surfaces,
or if the shear causes a large enough increase in temperature the debris may attach to the
surface [111].
1.7.3 Wear Particles
Wear debris can enter the periprosthetic tissue, here the macrophages try to phagocytose
the debris. The macrophages release pro-inflammatory cytokines and other mediators, as the
debris cannot be killed the cytokines and other particles result in a foreign-body granulo-
matous reaction [103]. In order to isolate the debris particles from the rest of the tissue the
macrophages fuse together to form multi nucleated giant cells. In bone remodelling osteoclasts
dissolve the bone and create a cavity, osteocytes then enter the cavity and get osteoblasts to
create new bone. Cytokines have been shown to have an affect on the development or ac-
tivation of osteoclast [35, 60, 84, 128]. The cytokines released by the macrophages stimulate
osteoclastic bone resorption leading to osteolysis and loosening of the prosthesis [103].
The composition, number, size, surface area, shape and volume of debris are important
factors in the biological response. For polyethylene the most biologically active particles
have been found to be sub micron [103]. This size is the range that is phagocytable by the
macrophages. The particles of other sizes result in fewer cytokines being released and therefore
have a smaller effect on the bone resorption. In the knee the majority of debris particles have
been found to be smaller than 1μm in size and therefore biologically active [70].
1.8 Experimental Simulation of Mechanics and Wear
Experimental knee simulators are designed to replicate the conditions within the knee in
vivo. Different activities, such as walking, can be simulated on the knee replacement and
the effect of these can be found on the mechanics of the joint. Knee simulators are used for
pre-clinical simulation of TKRs in order to compare factors, such as the wear rate, to in use
knee replacements.
Figure 1.11 shows the six axes of rotation and translation within the knee simulator.
The tibial component can translate in the anterior-posterior (AP) and medial-lateral (ML)
directions relative to the femoral component as well as rotate in the internal-external (IE)
and abduction-adduction (AA) directions. The femoral component is mounted on a rocker
allowing it to rotate in the flexion-extension (FE) direction relative to the tibial component.
The centre of rotation of the femoral component is aligned with the FE axis and the top
surface of the tibial insert is aligned with the AA axis.
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Figure 1.11: Axes of rotation and translation on a knee simulator for a right knee
The input profiles for the AP, FE and IE displacements along with the applied axial load
can simulate different activities on the femoral and tibial components.
The ISO standard is made up of three parts; the first defining parameters for force control
simulation [186], the second defining the measurement methods [187] and the third defining
parameters for displacement control simulation [188]. These include the definition of the input
force and displacement profiles for a walking cycle. The ISO standard input profiles simulate
idealised conditions; assuming a standard patient, for instance in terms of their weight, ideal
surgical procedure and only simulate a single activity. This can generate average wear rates
similar to those found in vivo however it cannot reproduce the variation and spread of wear
across patients [107]. The outliers can have up to 100 times the average wear rate so simulating
these is important in determining which factors cause the increase in wear rate.
A stratified approach to knee simulation covers a wider range of conditions including
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damage to the prosthesis, oxidative degradation, alignment, different activities and different
patient anatomy and physiology [107]. Helping to determine the important factors in ensuring
low failure rates in knee replacement. The effect of surgical positioning in the hip has been
investigated and different alignments, such as offset in the medial-lateral direction, can result
in dynamic separation between the head and the cup, increasing wear [12, 107, 147]. This
may be one of the reasons for the variation in wear rates found in vivo compared to those
found experimentally.
In order to simulate in vivo conditions fluid needs to surround the joint to simulate the
synovial fluid present in vivo. Using distilled water has been shown to be insufficient as it
creates different lubrication regimes, wear particles and wear patterns in the tibial insert [173].
Bovine serum is commonly used as it is similar to synovial fluid; with similar levels of protein
and other biological components [173]. However there is no generally accepted level of proteins
or composition ratio that has been suggested for joint simulation; different laboratories use
different compositions of bovine serum. The ASTM standard F1715 does not specify any
set protein level or dilution value however ISO standard 14243-1 [186] specifies the use of
25% bovine serum mixed with deionized water with a protein content of 20g/l [186]. Other
chemicals are added to minimise the bacteria contamination, for example hydrochloric acid,
sodium azide and antimyotics. The protein levels in serum can range from 50-80 g/l meaning
there are variations in the final testing fluid.
The wear rates of the tibial components are found gravimetrically. They are weighed
before testing and at defined intervals. Control inserts are immersed in the lubrication fluid
for the same time the inserts are in the simulator. The control inserts are used to find the
change in weight due to moisture uptake into the components. The change in weight of the
test inserts are found minus the change in weight due to moisture uptake in the control inserts.
The wear rate is then determined from this weight change.
There has been shown to be a difference in weight change between loaded and unloaded
soak controls during a wear study. Over multiple wear studies the average correction from
passive soak controls was found to be 0.89±0.85 mg/MC and from active soak controls the
average correction was higher 1.65±0.88 mg/MC [93]. This difference may be due to the water
within the polyethylene being squeezed out when under loading. Currently the ISO standard
allows the use of either loaded or unloaded soak controls [186].
1.8.1 Displacement Controlled Simulation
In displacement controlled simulation the flexion-extension angle, tibial rotation angle, anterior-
posterior displacement and axial force are all applied according to the input motion profile.
The ISO standard profile for walking is shown in Figure 1.12. The standard input profiles
create a range in flexion-extension of 0-58°, internal-external rotation of 2° external to 6°
internal, a maximum anterior translation of 5.2mm and a maximum force of 2700N. This is
based on a composite curve of loading in terms of body weight for an adult male with a weight
of 101.6kg corresponding to a force of 996.4N (95th percentile) [109].
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(a) Flexion-extension (b) Anterior-posterior
(c) Tibial rotation (d) Axial force
Figure 1.12: ISO standard displacement control input profiles [188]
Different input profiles can be used to simulate different activities such as walking or
squatting. The AP displacement and TR rotation are controlled by a closed loop using the
displacement feedback to follow the input profiles. Inputting a set motion profile makes it
more repeatable as there is a consistent path, displacement and velocity between tests and
the stations in the simulator.
Different TKR designs will result in different motion of the joint therefore a motion profile
should be found for a specific design to ensure it represents the in vivo motion [10]. For
low conforming TKR designs displacement control is acceptable, however for high conforming
designs the motion profile may exceed what would naturally occur and therefore create areas
of high stress and wear [10]. The force levels between the stations of the simulator may vary
due to variations in the fixtures; the zero position, wear and deformation that has occurred
to the components [10]. This can result in variations in the results across a test.
Some studies into the natural knee have found that there is a larger AP displacement and
tibial rotation during walking than the ISO standard [123]. Some experimental wear tests are
carried out under different inputs to the ISO standards with larger displacements in order to
better replicate natural motion [20, 132]. McEwen et al [132] used inputs of tibial rotation
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between ±5° and AP displacement from 0-10mm as was found by Lafortune et al [123] in the
natural knee. This is around double the displacements from the ISO standard.
1.8.2 Force Controlled Simulation
Under force controlled conditions the tibial component is free to move relative to the femoral
component according to the applied forces. This motion is sensitive and can be complex [10].
The axial force and flexion-extension angle are the same as those for displacement controlled
simulation as described in the ISO standard [188] (Figure 1.12). AP force and TR torque are
applied to represent the forces within the natural joint due to muscles and ligament tensions
[186] (Figure 1.13). The AP force is cyclic but also varies in magnitude according to the
displacement in the AP direction. The same applies to the TR torque; there is a cyclic
component and it varies according to the TR rotation.
(a) Anterior-posterior Force (b) Tibial rotation torque
Figure 1.13: ISO standard force control anterior-posterior force and tibial rotation torque
input profiles [186]
For force controlled simulation soft tissue restraints must be included to generate realistic
motion [10]. Many studies have used springs to restrict the AP translation and TR rotation
(Figure 1.14) [62, 92, 196]. Natural ligaments are not linear elastic so the stiffness of the
springs must be found from the gradient of the exponential curve of the ligament (Figure
1.15). This is difficult to find as the stiffness of ligaments will vary between people and will
also vary before and after knee surgery [194].
The ISO standard for a cruciate retaining (CR) prosthesis has an AP spring with a gap of
±2.5mm and a linear restraint stiffness of 9.3N/mm and 44N/mm for anterior and posterior
motion respectively. The ISO TR spring has a gap of ±6° and a rotational restraint stiffness of
0.36Nm/° [186]. For a cruciate substituting (CS) prosthesis the same AP and TR spring gaps
are applied with a linear restraint stiffness of 9.3N/mm in both directions and a rotational
restraint stiffness of 0.13 Nm/°.
Various stiffness values for the springs have been used in previous studies. Haider et al [91]
investigated the effects of spring tensions on the AP displacement and tibial rotation using a
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Figure 1.14: Knee simulator with soft tissue restraints [62]
mathematical model. In this study the optimum values for the spring stiffness were 7.24N/mm
for the ACL side and 33.8N/mm on the PCL side, both with a gap of 2.55mm. These spring
gaps were included in order to simulate the s-shaped response curve found previously (Figure
1.15). Isolated section of either PCL or ACL has been found to result in nearly 3 times more
laxity than the intact knee [196].
Van Houtem et al [194] used soft springs (7.24 N/mm) and hard springs (33.8 N/mm) to
prevent AP movement without the ACL and with and without the PCL respectively. These
spring stiffness values were taken from measurements of soft tissue restraints with intact
ligaments (hard springs) and with the ACL or PCL cut (soft springs) [91]. Both types of
springs were used along with an Instron-Stanmore Knee Simulator, the resulting motion was
compared to the kinematics from cadaveric specimens under the ISO Walking Cycle [186].
The hard springs resulted in realistic AP motion found in vivo but the soft springs resulted
in more realistic rotation of the joint with the ACL cut. This study suggested use of springs
of intermediate value between their hard and soft springs to get realistic kinematics.
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Figure 1.15: Anterior-posterior force vs displacement with the knee in 30º flexion [196]
1.8.3 Force vs Displacement Control
Previous studies have investigated the difference in kinematics and wear rates between force
and displacement control. The difference in kinematics has been found to vary substantially
[90, 174]. However the wear rates have been found to be similar [21, 90] and significantly
different [174].
For example Schwenke et al [174] investigated the difference in wear for a flat-on-flat,
minimally constrained TKR under displacement and load controlled simulation according to
the respective ISO standards. The wear rate for the load control group was double that of
the displacement controlled group but also had a larger variance, 20.9±4.2 mg/million cycles
(MC) compared to 9.2±0.9 mg/MC. Within the force controlled group there was more overall
variation as one of the implants had a much lower wear rate than the other two. The main
difference between the motions was an average posterior offset in the contact position of
3±0.8 mm in the force controlled test compared to displacement control (Figure 1.16). The
rotations of both groups were more different; both had similar ranges in rotation but had
different shapes of rotation profile (Figure 1.16). Under load control the tibia rotated more
internally earlier, as soon as 25% of the gait cycle, with the rotation increasing up to 55% of
the gait cycle. This means that the cross-shear conditions were created under the load of the
third force peak of 800-2400N compared to the much lower swing phase loads for displacement
control. The difference in the cross-shear motion may be what caused the differences in the
wear rate.
Comparison between both the ISO force and displacement control standards are difficult
as they were written independently of one another. Therefore the ISO force control input
profiles do not result in the ISO displacement control displacement profiles.
Both methods of experimental simulation have drawbacks but neither is more accurate.
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Figure 1.16: Difference in motion for load and displacement controlled simulation of the
translation and rotation of the tibia relative to the femur [174]
Force controlled simulation applies forces to generate motion as in vivo, allowing the compon-
ents to move how they would in vivo so may generate more accurate motion. However the
restraints used are crucial in keeping the motion within the limits that occur in vivo. Force
controlled simulation can result in motions that are more extreme than those which would
be found in a patient. There is also more variation in the motions between the stations of a
simulator which can mean that finding differences in wear rates under different conditions can
be difficult. Displacement control however reduces the variation across the stations as the dis-
placement is controlled. However this can lead to high forces and stresses in the components
if the displacement inputs are not right for the design of the TKR.
1.9 Computational Simulation of Knee Mechanics
Computational modelling can be used to predict a range of outputs including the kinematics
of knee replacements and natural knees. It can produce results faster than experimental
methods, however creating a computational model requires information and understanding
about the component design and test conditions. A wide range of variables can be studied in
combination with one another due to the speed of the model.
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Another benefit of computational modelling is dynamic measurement of values such as
contact area, contact pressure and cross shear that are difficult to measure experimentally.
A computational model can also remove some of the limitations with experimental studies,
reduce errors and reduce variation between studies.They can be used in order to predict wear,
however this is outside the scope of this research.
To have confidence in a computational simulation, validation must be carried out. This can
be carried out during the development of the model by using simple geometry and comparing
the results to mathematical solutions. Validation may also involve the comparison of the
results from the computational model with experimental data of the same test conditions.
Without validation of a model there can be no confidence in the veracity of the data.
Therefore the combination of both experimental and computational methods may provide
the best results. The experimental data can be used to validate the computational model
and provide confidence in the results. Parametric testing can then be carried out with the
computational model faster and more cheaply than experimental studies. The computational
simulation can also provide measurements of values such as cross shear which are not avail-
able experimentally. However without experimental validation the veracity of the results are
unknown.
1.9.1 Soft Tissues
Previous studies have used computational models to simulate the natural knee, TKRs and
the soft tissues within the knee. The simulation of soft tissues can be complex due to their
non-linear and anisotropic nature. Different methods for the simulation of soft tissues within
the body have been developed.
The ability to model the soft tissues allow studies to be carried out on the influence of the
soft tissues and menisci on the loading of the knee. This is difficult to carry out experimentally.
Experimental studies use cadaveric specimens which may not be representative of the dynamic
response of soft tissues in vivo.
One such study used MRI data to develop the geometry of the model [160]. The articular
cartilage and menisci were modelled as single-phase linear elastic, isotropic materials, this
was deemed accurate for the prediction of short-term response. The long-term response was
inaccurate due to the neglection of the material characteristics of the ligaments depending on
time; visco-elasticity, creep and relaxation. With this model the loads in the ligaments and
resulting displacements were able to be calculated over short time responses.
In another study a subject specific method of determining the zero load lengths of the
PCL and collateral ligaments was defined [36]. Cadaveric knees were put under known loads
and the ligament parameters within the computational model, such as the zero-load length
and tension, were varied in order to reduce the difference between the model and experimental
displacement. However the use of cadavers may not be representative of the soft tissues in
vivo. This method can also only be used for subject specific models and not for a more general
computational model.
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Another study compared linear and non-linear visco-elastic computational models of eight
ligaments within the ankle under step relaxation and ramp tests [74]. Ligament behaviour
is non-linear visco-elastic however it was shown that natural ligaments could be adequately
modelled up to 15% strain using a quasilinear visco-elastic computational model.
A linear visco-elastic model can be represented by a spring damper system, such as the
generalized Maxwell model, which is simple and fast. However most soft tissues will behave
linearly under small deformations but behave non-linearly at greater strains. Non-linear visco-
elastic models can be used to replicate this change in behaviour. Fung’s quasilinear visco-
elastic model assumes that the material’s response can be separated into a strain-dependent
and time-dependent component (Equation 1.3).
R(ε, t) = G(t) · T (ε) (1.3)
G(t) is the reduced relaxation function and T(ε) is the instantaneous elastic response
function, which may be non-linear. The functions for G(t) and T(ε) can be found by curve
fitting experimental data.
The ISO standard spring profiles [186] attempt to replicate this non-linear behaviour by
using the gaps around the zero position. Under small displacements there is no spring force,
however under larger displacements this spring force increases. The computational simulation
however allows for more complex soft tissue behaviour to be modelled, for example a change
in the response due to flexion of the knee.
1.9.2 Total Knee Replacements
Previous studies have used finite element methods to study different TKR designs under a
range of loading conditions. The use of computational modelling allows for parametric studies
to be carried out and for a wider range of test conditions to be investigated both independently
and in combination.
One study used a computational model to predict the kinematics of a TKR [81]. A DePuy
Sigma TKR was modelled in order to simulate the Stanmore knee simulator. The femoral
component was modelled as a rigid body and the polyethylene as an elastic-plastic material.
The springs within the simulator were represented by applying a restraining force as a function
of the displacements. These spring stiffness’s were linear to replicate those in the simulator.
A friction coefficient of 0.04 resulted in kinematics within a few percent of the experimental
value.
Another study developed a computational model in order to determine the AP and TR
constraint of a TKR [139]. The computational model was developed to replicate the experi-
mental setup for determining the TKR constraint values. The experimental testing frame and
the components of the TKR were modelled as rigid segments, with a deformable layer on the
tibial insert. Experimental or estimated values were used for the segment masses, inertias,
densities and damping. A rigid-body-spring-model was used to represent the contact between
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the femoral and tibial components. There was some compliance in the loading frame under
transverse loads. The computational model was validated using the experimental data and
had good agreement when the compliance of the testing frame was included. This model
provided a faster method of determining the constraint of a TKR.
Computational models have also been used in the optimisation of TKRs. One study
investigated the relationship between durability and kinematics in the geometry of a TKR
[203]. The shape of the femoral component and tibial insert were defined using 14 variables
that were varied within a finite range. Durability was investigated using a previously validated
wear model. This wear model was force controlled with springs used to simulate the soft tissues
within the knee. The surface damage distribution and the volumetric wear was determined
up to 3.5MC. The kinematics were predicted to assess the flexion range of motion and the AP
and TR constraints of the TKR designs. With the results multi-objective design optimisation
was carried out in order to determine the relationship between the durability and kinematics.
The constraint from the geometry of the TKR was important for both the kinematics and
durability. As TR laxity is necessary for proper kinematics and increased TR resulted in
increased wear there was a trade off between the kinematics and durability. This suggests
that a rotating platform TKR could be beneficial in removing this trade off.
Some computational studies have been carried out into the effect of component alignment,
mainly the influence of varus-valgus alignment on the contact pressure of the tibial insert.
Three computational studies have investigated the effect of varus-valgus alignment on contact
pressure [52, 126, 189]. One previous computational study investigated the effect of the
posterior tibial slope on the kinematics and contact pressure of a TKR [114]. There have
been no previous computational studies into the effect of both soft tissue conditions and
alignment conditions in the coronal, sagittal and transverse planes to the authors knowledge.
1.10 Surgical Procedure
There are two main surgical methods used for total knee arthroplasty; gap balancing and
measured resection. The gap balancing technique aims to keep the flexion and extension gaps
equal (Figure 1.17) and tends to be used with CS knee replacements and some CR devices.
Ligament releases are carried out before bone cuts are made to put the limbs in approximate
alignment [58]. The tibial cut is made perpendicular to the anatomical axis of the tibia. This
is important to the alignment of the knee as it is used as a reference for the femoral bone cuts
[2, 45, 58]. The flexion gap is balanced by cutting the anteroposterior femur parallel to the
tibial cut [152]. The gap balancing technique uses the tension of the soft tissues to determine
where the joint line lies (the axis where the femoral and tibial components come into contact).
Potential issues with this technique include movement of the joint line and midrange laxity
in the joint [45, 152]. In order to balance the flexion gaps more of the distal femur may need
to be cut which can make the joint line move proximally. This can be minimised by having
a large range of femoral component sizes and by releasing the posterior capsule to correct
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stiffness under extension [152]. The technique results in good soft tissue balance however
there may be laxity between 0° and 90° flexion [2, 45]. If the posterior contracture is not
adjusted the balance of the extension gap hinges on the posterior capsule rather than the
collateral ligaments (CL). This means that the CL are not balanced throughout the range of
motion, which may lead to instability of the knee [152].
Figure 1.17: The flexion and extension gap are made to be equal for the gap balancing method
[86]
The measured resection method aims to keep the joint line position constant, therefore
trying to maintain natural motion. The femoral rotational alignment uses bony landmarks
on the femur rather than ligament tension. This can be difficult due to differences in femoral
shape between patients and if bone degradation has occurred. Placing the femoral component
parallel to the transepicondylar axis results in better patellofemoral tracking and femoro-
tibial motion however it can be difficult to determine this axis [45]. Using the AP axis has
been found to result in fewer patellofemoral problems however using this axis can result in
a range of errors and in patients with femorotibial osteoarthritis the femoral component will
be rotated externally leading to instability [45]. The posterior condylar axis can also be used
however there are shape differences between patients and degradation of the condyles makes it
unreliable (Figure 1.18) [45, 152]. In measured resection the bone cuts are carried out before
ligament releases, so that they can be carried out with the trial components in place [2, 45].
The main difference between the two techniques is the femoral rotation alignment. In
general studies have found the use of the ligament tensions in the gap balancing method
more reliable than bony landmarks [2, 58, 61]. The current preferred method for total knee
arthroplasty involves using both the bony landmarks and the soft-tissue tensions reduces
error during the alignment and balance of the joint [45]. The combined method focuses on
the ligament tensions but also three gaps in the joint; flexion, extension and patellofemoral
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Figure 1.18: Erosion of the condyle can make rotational alignment more difficult [152]
gap [2]. Combining aspects from both methods can result in a more reliable procedure as
more checks are made [2].
1.10.1 Alignment Methods and Instrumentation
Correct alignment is important for proper function of a TKR as it affects the stresses on
the components and bone and helps balance the forces in the soft tissues [163]. Alignment
guides are used to maintain the anatomical axis of the leg. Extramedullary guides are placed
along the axis of the leg based on external landmarks, whereas intramedullary guides go down
the diaphyseal canal in the bone. Commonly intramedullary guides are used for the femur
as external landmarks are difficult to identify. For the tibia extramedullary guides are used
as the landmarks are more distinct [152]. The position of the entry hole for intramedullary
guides is important as it can result in a more varus femoral cut or make the knee more flexed
or extended. This can cause problems with the soft tissue balance and lead to wear or fracture
[163]. Mediolateral placement errors in the femoral head of 1mm can lead to 3-4.5° errors in
the angle of the femoral cut [206].
Cutting blocks ensure that the bone cuts are aligned properly but can limit the surgeon’s
field of view, increasing the possibility of cutting structures like the MCL. The positioning
of the cutting blocks is important in ensuring they are carried out correctly. Error has been
decreased by using universal cutting blocks as there is no need to move the block between
cuts [152].
The classic method of alignment involves cutting the distal femur with a valgus cut equal
to the difference between the mechanical and anatomic axes (generally between 5-6°) [152].
A 7° valgus cut with 0° tibial alignment has been found to give the most even load across
the knee replacement [100]. The anatomic method of alignment aims to maintain natural
kinematics of the knee with a CR replacement. The femoral alignment is set to the anatomic
axis which is around 9-10° valgus with the tibial cut at 2-3° varus creating an anatomic axis
of 6-7° valgus [152]. These angles have been shown to create an even load distribution [100].
Femoral rotational alignment consists of using a combination of bony landmarks and
ligament tensions as described previously. Tibial rotational alignment is based on the posterior
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surface of the tibial cut, the anterior surface of the tibia, the tibial tubercle and the ankle
mortise. If the tibial component is loose the position can be found relative to the femoral
component by flexing and extending the knee with the components inserted. This is subject
to errors from the position the leg is held in, the tourniquet on the thigh and the tightness of
the flexion gap, which are not present when using anatomical landmarks.
The tibial and femoral components should be anatomically positioned with no overhang.
Overhang can cause pain and stiffness due to stretching of the capsule [163]. The femoral
component should align with the resected edge of the lateral femoral condyle, if it is too
medial this can cause lateral patellar retinaculum stress [152].
1.10.2 Kinematic Alignment
Kinematic alignment is a method that is not widely used but that some surgeons believe results
in better alignment and kinematics of the joint. Many studies have found that aligning the
components to maintain the mechanical axis of the leg may not result in a good clinical knee
score [63, 152]. The mechanical axis does not account for patient variation in the geometry of
the femoral and tibial bones, for example bowing or natural varus. Aligning to the mechanical
axis only aligns the components in the frontal plane, no alignment is carried out in the sagittal
or transverse planes. A study into four different methods of mechanical alignment has shown
that it can result in ligament instability and can change the mechanical axis of the knee and
limb by more than 2° 58% of the time [87].
Kinematic alignment aims to maintain three different axes of the knee; the axis the tibia
flexes and extends around, the axis the patellar flexes and extends around and the axis the
tibia rotates around (Figure 1.19).
Figure 1.19: Kinematic alignment axes; axis the tibia flexes and extends around (1), axis the
patellar flexes and extends around (2) and the axis the tibia rotates around (3) [1]
By maintaining these axes the function of the knee is thought to be maintained, keeping
natural motion. The procedure also aims to preserve the ligaments as much as possible to
ensure natural function and aims to maintain the original geometry of the femur and tibia in
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order to keep the axes in the same positions. A study of 101 patients who underwent kinematic
alignment knee replacement surgery found that in 93% of cases the alignment was within ±3°
of the mechanical axis [99], compared to 68% for conventional mechanical alignment methods
[130].
As it is not widely used the effects of using kinematic alignment rather than mechanical
is unknown. Some studies have found that kinematic alignment results in better alignment
and function [63, 99, 124] where as others have found more femoral rollback, external rotation
and a more varus tibial placement which causes higher stresses [104] or that there was no
significant difference between the two methods [133].
1.10.3 Computer Registration Methods
Newer computer navigation methods use bone surface landmarks as references. The surface
topology is used to determine the correct alignment of the components using data on standard
tibial or femoral anatomy. The computer system can then direct the surgeon to generate more
accurate alignment [152]. However computer systems need to have accurate data entered to
reliably calculate the mechanical axis. It also cannot take into account anatomical variations
in the patient such as a bowed tibia or femur [163].
Many studies have compared the accuracy of conventional alignment and computer navig-
ation. Some have found better accuracy with computational navigation whereas others have
found no significant difference. One study found no significant difference between the standard
guides and the computational system for the overall postoperative mechanical alignment [13].
But the computer navigation system had smaller variance in position, with more components
within 3° of neutral. Apart from the femoral component in the sagittal plane, the component
alignment was better with the computer system.
Another study found that computer assisted alignment was significantly better than the
traditional methods for four parameters; femoral rotation, femoral flexion, tibial anteropos-
terior slope and matching of the femoral and tibial components [51]. One study found that
computer assisted methods can reduce malalignment so that over 90% of total knee arthro-
plasties are within ±3° of the mechanical axis, however it was not significantly better than
traditional methods [206].
1.10.4 Tibial Slope
The angle of the tibial slope has been shown to affect stability, range of motion, shear force and
ligament forces [79, 80, 110, 131, 179]. An increase in tibial slope moves the femur posterior
relative to the tibia. This has been found to alter the shear forces and ligament forces. PCL
deficient knees have a more anterior tibiofemoral contact point so increasing the tibial slope is
thought to help. Correspondingly, decreasing the tibial slope would help ACL deficient knees.
Increasing the posterior tibial slope may reduce the quadriceps force, the contact stresses in
the TKR as well as the forces on the PCL [114]. However an excessive posterior tibial slope
may result in loosening of the joint due to the reduction in the collateral ligament forces [114].
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A linear relationship has been found between the shear forces and ligament forces with the
tibial slope (Figure 1.20) [179]. The tibial slope is thought to be one of the most important
variables for range of motion [131, 164]. Previous studies have found that decreasing the tibial
slope by 5° could reduce the range of flexion by 5° [131] and that increasing the tibial slope
by 5° could increase the force in the ACL by 26% [179].
Figure 1.20: Effect of tibial slope on shear forces and ligament forces [179]
1.11 Alignment
Alignment of TKR components has been studied previously, both looking at alignment in vivo
and the effect this alignment has on the TKR. However an in depth study into alignment in a
range of planes in combination with different soft tissue conditions has not been carried out.
As alignment can affect the loads, kinematics and contact area of a TKR it therefore may
affect the wear rate [52, 53, 66, 92, 126, 184, 201].
This section will cover studies that have investigated the range of component positions
that occur in vivo and the effect this has on the loading patterns, clinical results, kinematics
and wear rates of the TKR.
1.11.1 Amount of Variation in Surgical Alignment
Previous studies have investigated the variation in alignment of total knee replacements after
surgery. The axes of alignment they measure include the mechanical axis, varus-valgus com-
ponent positions, tibial slope and rotational position. There is no clear consensus on the
amount of variation in alignment.
A systematic review determined that the chance of the alignment being more than 3° out
was 32% for the mechanical axis, 26% for femoral slope, 17% for tibial slope, 16% for femoral
varus-valgus and 11% for tibial varus-valgus [130]. This showed that the variation in the
flexion-extension was greater than for varus-valgus for both components, which is supported
by other studies [13, 24, 164]. This also makes sense relative to surgical procedure; better
alignment is possible in the coronal plane due to better field of view and the use of guides.
A systematic review on rotational alignment determined that the range in rotational align-
ment was 2° external to 3° internal for the femoral component and 6° external to 2° internal
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for the tibial component [193].
Another study found that when using the epicondylar axis for femoral alignment, mala-
lignment of the femoral component of >3° occurred in 10% of cases [156]. The preoperative
alignment of the leg was determined to affect post-operative alignment; 7/64 (10.9%) of the
varus knees, 3/22 (13.6%) valgus knees and 0/14 neutral knees were >3° malaligned.
Tables 1.1, 1.2 and 1.3 show the variation in component position found in the coronal,
sagittal and axial planes in a number of studies. Studies were included that used the same
surgical procedure; an intramedullary guide for the femoral and an extramedullary guide
for the tibial alignment, did not include revision surgery or patients with large preoperative
varus/valgus, did not use cadavers and measured the angles of the components in the same
way.
For coronal alignment the angles were measured using a weight bearing, long leg radio-
graph. The angle of the tibial component was defined as the angle between the base of the
tibial tray and the anatomical axis of the tibia. The angle of the femur was defined as the
angle between the mechanical axis of the leg and the tangent to the femoral condyles.
Rotational alignment of knee components are measured using CT scans and only those
using the Perth or Berger CT protocol were included as they use the same methods [33, 50].
For sagittal alignment CT scans were used to calculate the alignment angle according to
the Perth CT protocol. The amount of variation found in the positions of TKR components
varied between the studies, however by comparing the results there were some trends.
The component alignment in the coronal plane appears to have the least variation, this
may be due to the fact that this plane is the easiest for the surgeon to view. The use
of intramedullary, extramedullary and bone cutting guides in the coronal plane will also
contribute to the lower variation. In most studies the femoral and tibial component positions
are generally within ±4° and ±3° respectively of alignment and the mechanical axis of the leg
is normally within ±4° (Table 1.1).
Table 1.1: Results from studies on the amount of variation in TKR position in the coronal
plane. A negative value represents a varus alignment and a positive value valgus
Study
Number of Tibial Femoral
Subjects (°) (°)
[89] 100 -6 to +2 -4 to +10
[13] 51 -4 to +4 -5 to +5
[38] 50 Not Reported -5 to +4
[137] 39 -3.7 to +5.1 -6 to +1.8
[48] 29 -3 to +8 -1 to +6
[55] 30 -3 to +5 -6 to +3
[209] 29 -2 to +4 -5 to +8
[59] 50 -3 to +3 -4 to +3
The most variation in position occurs in the rotational position of the tibial component and
in the tibiofemoral mismatch. From the results it appears that most positions are within ±14°
of the ideal mechanical tibiofemoral alignment (Table 1.2). Whereas the femoral component
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is normally within 5° external and 4° internal rotational alignment and the tibial component
between 10° external and 8° internal rotation. The increased variation in the rotational posi-
tion of the components compared to the coronal or sagittal alignment may occur due to the
difficulty in aligning the tibial component as this relies on the use of bony landmarks.
The alignment of the tibial component in the sagittal plane should result in cut perpen-
dicular to the anatomic axis. From the studies most tibial slopes are between 0° and 10°
posterior slope (Table 1.3). For the femoral component in the sagittal plane there is a similar
amount of variation with most being within 6° of neutral.
Table 1.2: Results from studies on the variation in the rotational alignment of TKR compon-
ents. A negative value represents external rotation and positive an internal rotation
Study
Number of Tibiofemoral
Subjects Mismatch (°)
[127] 159 13
[51] 36 11
[96] 22 13.6
[26] 56 18.6
[148] 26 22.1
Table 1.3: Results from studies on the variation in TKR position in the sagittal plane. A
negative value represents an anterior slope
Study
Number of Tibial
Subjects Slope (°)
[127] 159 -1 to +13
[51] 36 +1 to +10
[96] 22 +1 to +10
[101] 27 -1 to +10
1.11.2 Effect of Alignment
Some previous studies have investigated the effect of component alignment on the clinical
outcomes, loading, kinematics and wear rates of TKRs. This section will cover the results of
some of the clinical, experimental and computational studies.
1.11.2.1 Clinical Results
One study determined that there were four main factors for clinical and radiographic failure,
two of which were; lower extremity malalignment (angle between the femoral and tibial com-
ponents of <4° or >8° in the coronal plane) and tibial varus malalignment (varus tilt >5°)
[68] . In this study 74.7% of patients had a neutral lower extremity alignment ( between 4°-
8°), 20.4% had a varus alignment (<4°) and 4.8% had valgus alignment (>8°). Nine patients
had a varus tilt of the tibial component that was greater than 5°, and eight of these (88.9%)
needed revision due to wear. The ninth patient from this group had evidence of femoral-tibial
subluxation, this suggests that a large varus tilt can result in early failure. Of the varus knees
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in the study, 44.1% were revised and 41.2% had radiographic evidence of progressive sublux-
ation (dislocation). Of the valgus knees 37.5% had revision surgery and 50% had progressive
subluxation. Whereas for the neutral group only 14.5% needed revision surgery and 15.3%
had evidence of progressive subluxation. Another study compared the mechanical axis of the
leg with functional knee scores [56]. There was a significant difference in the knee scores for
those with a mechanical axis within 3° of neutral compared to those with a larger angle. Those
with a mechanical axis close to neutral had better total IKS scores, Short-Form health survey
(SF-12) physical and mental scores.
Bell et al [26] investigated the component rotational alignment in patients with knee
pain and found there was a correlation between internal rotation of the tibial and femoral
components with knee pain. Values for excessive internal rotation were 5.8°, 3.9° and 5.6°
for the tibia, femur and femorotibial mismatch respectively. External rotation was not found
to be a factor contributing to knee pain. For most patients internal rotation of the femoral
component relative to the tibial component of 3°-6° or external rotation of up to 8° was found
to be acceptable as it will not result in clinical problems such as knee pain [208]. Another study
found that patients with a leg angle within 3° of the mechanical axis had a significantly higher
Knee Society Score (KSS) than those with a greater angle [181]. However this correlation was
only found with patients that did not have a preoperative varus alignment.
Alignment on its own may not result in failure of a TKR, failure often results from a
combination of factors such as alignment, body mass index (BMI), implant size and depth of
resection [32]. For example the combination of varus alignment with a high BMI can result in
a high rate of failure. One study found a failure rate of 0.5% for alignment of the mechanical
axis within one standard deviation of the mean (2.4°-7.2°) and failure rates outside of this
range of 1.8% for varus alignment and 1.5% for valgus alignment [32].
1.11.2.2 Load Distribution
An unbalanced TKR has been defined as one with a difference in load of >9kg between
the medial and tibial compartments [88, 158]. Imbalanced loading between the medial and
lateral condyles has been shown to result in instability, increased pain, lift off and patient
dissatisfaction [88, 153]. Increased lateral loading may result in increased peak bone strains
on the medial compartment [162], which may result in tibial implant migration. One study
found that if the medial and lateral loads were comparable there was no lift off greater than
1mm [199].
One computational study investigated the effect of medial, rotational and varus alignment
on tibial loading [126]. A load of 3kN was applied using three different component types; high
conformity flat-on-flat (HFF), high conformity curve-on-curve (HCC) and medium conformity
curve-on-curve (MCC) (Figure 1.21). Table 1.4 shows the results for the maximum stresses for
each malalignment condition. Both the maximum stresses were obtained for a varus rotation
of 5° for all component types. The medial translation of 1mm resulted in higher stresses than
the internal rotation. This data suggests that the effect of varus rotation is more significant
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than that of medial translation or internal rotation. However this study only investigated the
effect of alignment under 0° flexion and not a full gait cycle. The kinematics of the knee and
the cyclic loading pattern were also not considered within this study.
Figure 1.21: Line drawings of the flat-on-flat (HFF) and curve-on-curve (HCC) components
used for testing by Liau et al [126]
Table 1.4: Maximum contact stresses and maximum von Mises stresses in different malalign-
ment conditions [126]
Cheng et al [53] experimentally measured the pressure on the tibial component for differ-
ent malalignment conditions using a Fuji pressure sensitive film. The contact pressure was
measured with the components in neutral position, anterior-posterior translation of 2 and
4mm, medial-lateral translations of 0.5 and 1mm and internal rotation of 1°, 3°, 5° and 10° of
the femoral component relative to the tibial component. All the pressures were measured with
the knee in full extension and with an applied load of 3kN with a mobile and fixed bearing
design. For most of the alignments the maximum contact pressure of the fixed bearing com-
ponent was higher than the mobile bearing replacement. The contact pressures were highest
for the internal-external rotations, where they reached 30MPa for the fixed bearing compon-
ents. The anterior-posterior translation had the smallest increase in contact pressure as the
load is evenly distributed between the medial and lateral sides of the component whereas for
medial-lateral translation the load is unevenly distributed, increasing the contact stress. For
internal-external rotation the load was evenly distributed however the conformity between the
femoral and tibial components decreases, reducing the contact area. The use of the pressure
film however may have affected the results due to it’s thickness between the contact surfaces
changing the contact. This study also only investigated the effect of a vertical load under 0°
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flexion, however the contact will vary during flexion.
Another study investigated the effect of malrotation on the medial, lateral and peak contact
forces using multi body dynamics modelling [52]. Internal-external rotation >5° of the femoral
component and varus-valgus malalignment of the tibial or femoral components of>5° increased
the medial, lateral and peak contact forces by 17.8-53.1%, 35-88.4% and 5.2-18.7% respectively.
A 3° or 5° varus-valgus malalignment of the tibial component had a large effect on the load
distribution on the tibial component. This supports the clinical results showing that >3° varus
malalignment of the tibial component results in medial bone collapse [31]. However when the
predicted and measured force data were compared using this model there were errors of 302N
and 181N for the predicted maximum medial and lateral contact forces respectively. The
changes in the medial and lateral contact forces during this study due to internal-external
rotation were within these errors and therefore may not be significant.
Werner et al. [201] used pressure sensors on total knee replacements inserted inside cadaver
legs to investigate the effect of varus-valgus malalignment on the stresses between the tibial
tray and bearing. Loads were then applied to the knee using weights attached to the ankle to
simulate a knee extension force of 66.7N. Five different inserts were used to simulate different
malalignment positions; 0°, 3° and 5° of varus and valgus. A knee simulator was then used on
the cadaver legs to apply hip load, tibial torque, tibial adduction-abduction and quadriceps
loading to simulate walking conditions for a body weight of 400N. The changes in the load
were proportional to the angle of the inserts used with the largest change occurring in the
varus malaligned knees. During the gait cycle two different loading patterns were found; in
four of the knees the ligaments were tight so the load was balanced across the medial and
lateral tibial compartments but in two of the knees the ligaments were stretched resulting in
uneven load distribution and instability. The healthy ligaments were able to help distribute
the load more evenly counteracting the affect of the component alignment. However as they
were cadaveric specimens the response may not be representative of the response in vivo.
Smith et al. [182] developed a three-body knee model using subject specific bone geomet-
ries from a single TKR patient along with the component geometries. This was incorporated
into a musculoskeletal model and used experimental data from a motion analysis laboratory.
Differences in the coronal alignment did not change the total force on the tibial insert, how-
ever it did affect the mediolateral position of the force. The ligament tensions had a larger
effect; for all the ligaments there was a positive correlation with the ligament stiffness and
reference strain with the total contact force. This implies that the ligament tensions are more
important than alignment when it comes to the contact forces.
Norman et al. [151] found that varus and external rotation alignment had a significant
effect on forces and moments in the knee, especially the medial-lateral force and abduction-
adduction moment. The knee forces and moments were found under 0, 5, 10 and 25 degrees
varus and 0, 5,10 and 25 degrees external rotation. The axial force through the TKR and
anterior-posterior force were found to be very similar under all tests. However as the varus
angle increased the medial-lateral force reduced significantly from 403N laterally to near zero.
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The flexion-extension and internal-external rotation moments were also found to be very
similar under all varus angles, and only increased slightly as external rotation increased. As
the varus and external rotation angles increased the abduction-adduction moment went from
abduction to adduction. The adduction moment resulted in a higher load in the medial side
of the knee. The higher stresses in the medial compartment could result in higher wear rates.
As this model did not include the soft tissues and forces at the hip and knee the forces in vivo
may be different to those found in this study.
Another study used a computational model to find the contact stress, contact area and
ligament forces under 0°, 3° and 5° varus and valgus alignments [189]. Higher contact stresses
were found under varus alignment than valgus, especially on the medial condyle of the tibial
insert. There was also an increase in the medial collateral ligament force under valgus align-
ment. The contact area remained similar under all the alignments on both the medial and
lateral tibial condyles. However this computational model was developed using just one male
patient, therefore the results may not be generalisable especially between different genders.
1.11.2.3 Kinematics
A cadaveric study found that coronal alignment affected the movement of the joint; varus
inserts resulted in more external rotation during the walking cycle with the reverse being true
for the valgus inserts [201] . The changes in rotation were found to be largest during the
stance phase of the cycle (Figure 1.22). At maximum flexion the average increase in external
rotation was 1.83° and 1.2° for the 5° and 3° varus inserts respectively. Smaller changes in
motion were found with adduction-abduction with more abduction being seen in the valgus
inserts at maximum load.
Figure 1.22: Internal-external rotation during a walking cycle for neutral, varus and valgus
alignment [201]
An experimental study used the standard ISO walking cycle and an enhanced cycle with
increased flexion, internal torque, anterior-posterior force and axial force on different TKR
designs (Figure 1.23) [92]. Springs were used to simulate the ligaments of the knee to replicate
a tight, standard and loose PCL. The tight PCL was represented with no gap, a standard
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Figure 1.23: Kinematics of 7 TKR designs under enhanced walking cycle with varus, valgus,
internal, external malalignment and PCL stiffness [92]
PCL with a 2.5mm gap and a loose PCL by a 2.5mm gap and a weaker spring. To simulate
varus and valgus alignment this was varied out with the axial force down the centre line, 5mm
medial of the centre line and 10mm medial to the centre line. The 5mm offset represents what
happens in vivo with the 10mm offset representing a varus position of the knee of 7° and the
load down the centreline representing 7° valgus angle. The tibial component was also rotated
10° externally and 10° internally.
The varus and valgus alignment had a minimal difference on the AP displacement and
rotations of the TKR components (Figure 1.23). However this may be due to the method
used, as the axial force was offset to simulate varus/valgus positioning but the force was still
going between the femoral epicondyles so no lift off was occurring. There was also a minimal
effect from the internal rotation of the tibial component however under external rotation the
values of the rotation of the component changed. The range in the rotation was the same
(around 15°), however the rotation went from -5-10° of rotation rather than -15-0°. The
largest difference in the kinematics occurred with the change in PCL stiffness, particularly
the increase in AP displacement with a loose PCL. This shows that the ligament tension has
a large affect on the motion of the knee and is therefore an important factor to consider in
experimental studies with respect to wear.
A computational study found that an increased posterior tibial slope resulted in a de-
creased quadriceps force, contact stress in the patellofemoral joint and PCL force [114]. An
excessive posterior tibial slope could lead to loosening of the tibiofemoral joint gap during
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flexion due to the reduction in tension in the collateral ligaments. As the posterior tibial
slope increased there was an increase in posterior tibiofemoral translation. This is important
as it allows more flexion in the TKR before tibiofemoral impingement occurs. It also im-
proves the moment arm of the quadriceps which is associated with an improved knee society
function score. Therefore this study suggests that a posterior tibial slope may be beneficial,
particularly in CS TKR.
1.11.2.4 Wear
Simulation
Currently there are limited studies that have investigated the effect of alignment on the
wear of knee replacements and only the effect of varus alignment has been studied experi-
mentally. Ezzet et al [66] used a displacement controlled knee simulator to find the wear rates
of knees under a varus alignment. The ISO standard inputs for axial force, tibial rotation
and flexion extension were used. The anterior-posterior displacement was changed from the
standard in order to simulate rollback during flexion (Figure 1.24).
Figure 1.24: Anterior posterior input to simulate femoral rollback [65]
The wear rates were determined for both oxidized zirconium and cobalt-chrome femoral
components against non-cross-linked, ethylene oxide-sterilized polyethylene. The components
were simulated under an offset load to simulate a varus alignment of 3°, under a walking cycle
with increased tibial rotation up to 20°. The gravimetric and volumetric wear rates for both
types of components were found over 5 million cycles and compared to a previous study [65].
The wear with the alignment and increased kinematics resulted in nearly double the wear rate
for the cobalt-chrome components (20-39 mg/MC) and increased the wear rate of the oxidized
zirconium components by a smaller amount (12-17 mg/MC).
A computational study using a previously validated model was carried out into the effect
of alignment in multiple planes on the wear rate of a TKR [135]. Alignment in the transverse
plane was found to result in the highest increase in wear, however a posterior tibial slope was
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also found to result in increased wear. Alignment in other planes, such as the tibial TR axis,
only resulted in small changes in the wear rate. Internal tibial alignment was also found to
result in edge loading on the tibial insert, this may result in increased damage and wear to
the tibial insert [134].
Retrievals
One study found that tibial components which were placed in >3° of varus had almost
double the volumetric penetration rate than those in <3° varus [184]. However there was no
correlation between the femoral alignment or knee alignment with the wear rates.
In another study patients were separated into groups depending on their coronal alignment;
valgus (Hip knee ankle (HKA) >3° valgus), neutral (HKA 0±3°), mild varus (HKA 3-6° varus)
and moderate varus (>6° varus) [195]. For more varus alignments there was greater medial
wear and for valgus alignments greater lateral wear. This may be due to condylar lift off in
the lateral compartment in the valgus group and in the medial compartment for the varus
group. However there were also higher damage scores in the lateral compartment for the mild
and moderate varus groups compared to the valgus.
Another study [57] used radiographs to measure the tibial insert thickness of 416 knees.
There was a significant increase in wear on the medial compartment for patients that had
a more varus limb alignment after the TKR operation. A similar study found a significant
correlation between the tibiofemoral and femoral angles with the difference in the polyethyl-
ene thickness between the medial and lateral compartments [47]. Varus alignments resulted
in thinner medial compartments while valgus alignments resulted in thinner lateral compart-
ments.
Some studies have found that alignment did not have a significant effect on wear [159].
This may be due to the differences in the patient morphology which can affect the loading
in the knee. Some people have suggested using patient parameters such as weight and pelvic
width to determine a patient specific “ideal alignment”[131]. However this may be subject to
the ligament tensions and laxity, which may be hard to determine during surgery.
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1.12 Aims and Objectives
Currently for mechanical alignment in TKR surgery the aim is to keep the alignment of the
tibial and femoral components within 3° of the mechanical axis of the leg. Most alignment
during surgery is carried out using the intramedullary and extramedullary rods in the coronal
plane rather than the sagittal or axial planes. The envelope of ±3° has not been proven
to be the range that results in better outcomes for TKRs. There is also no corresponding
envelope in the sagittal or axial planes, in order to define this we must understand the effect
of alignment on TKRs.
Previous studies that have investigated the effect of alignment on TKRs have tended to
investigate the effect of alignment in the coronal plane on the loading of the tibial insert. This
has provided an understanding of the impact that coronal alignment can have on contact
pressures but the effect of alignment in multiple planes on contact pressure, kinematics and
wear has not been carried out previously. Carrying out a study with a wider range of conditions
will provide a wider understanding on the mechanical impact of alignment on the TKR.
One cadaveric study investigating varus-valgus alignment determined that changes in the
load distribution of the TKR were proportional to the angle of the component alignment [201].
But that the cadaveric specimens with tight ligaments resulted in more balanced loading. This
study suggested that alignment on its own may not result in imbalanced loading, but that
it is the combination of alignment and the soft tissue conditions within the knee that are
important.
The aim of this study was to investigate the effect of component alignment in the coronal,
transverse and sagittal planes on the mechanics and wear of a fixed bearing, CR total knee
replacement. This investigation of alignment in a number of planes has not been carried out
previously. This project also investigated the effect of the soft tissue conditions within the
knee in combination with component alignment in order to determine the relationship between
the two factors. This may highlight why previous studies into just the effect of alignment have
not found a relationship between knee scores and component alignment.
This was achieved by a number of objectives;
• The development and validation of a finite element computational model simulating
the conditions within the experimental simulator in order to run parametric testing of
additional alignment conditions.
• Experimental and computational simulation of different soft tissue conditions and the
investigation of their effect with different tibial insert conformities.
• Investigating the effect of three different soft tissue conditions representing a patient
with a stiff knee, resected ACL and resected ACL & PCL on the kinematics and wear
of a TKR under mechanical alignment conditions.
• Understanding the effect of different component alignment conditions in the coronal,
sagittal and transverse planes (4° varus, 14° rotational mismatch, 10° posterior tibial
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slope and kinematic alignment) on the kinematics and wear of a TKR.
• Investigating the combination of the different alignment conditions and three soft tissue
conditions on the kinematics and wear of a TKR.
• A parametric computational study investigating the effect of further alignment condi-
tions (2° varus, 8° rotational mismatch, 4° rotational mismatch, 4° posterior tibial slope
and half the kinematic alignment values studied experimentally) under the same three
soft tissue conditions on the kinematics, contact mechanics and wear of a TKR.
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Chapter 2
Experimental Methods and
Validation
2.1 Introduction
This chapter will detail the methods used in experimental testing of the TKR. The experi-
mental investigation was carried out using a knee simulator in order to determine the kin-
ematics, contact pressure and wear rate of the TKR.
A Prosim six station force/displacement control electromechanical knee simulator (KS8)
was used to perform the experimental studies. This was a new simulator so commissioning
tests were carried out first in order to validate it. An electro-mechanical simulator was used
as they provide better kinematic control (outputs following the demand inputs more closely)
than the first generation pneumatic simulators [7].
Studies were carried out to simulate the effects of different soft tissues and alignment
conditions on the contact pressure, kinematics and wear rates of a TKR.
In order to replicate the physiological conditions and show the influence of various soft
tissue and alignment conditions on the output kinematics the simulator was run under force
control conditions. This meant that the AP and TR displacements were not used as inputs as
has historically been used at Leeds, instead AP force and TR torque input profiles were used.
A two stage process was carried out; the first found the average output kinematics across the
simulator and the second found the average wear rates for each test condition.
Wear studies were carried out in order to find the effect of different test conditions on the
wear of the ultra-high molecular weight polyethylene (UHMWPE) tibial component.
In order to find the effect on the contact area a Tekscan (Tekscan Inc., Boston, USA)
pressure sensor was used, this was placed between the femoral and tibial components in the
simulator and representative displacements and loads applied to find the loading at different
points within the gait cycle.
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2.2 Materials
All the tests were carried out using DePuy Sigma fixed bearing, right knee (DePuy Synthes,
Leeds, UK) components. The tibial inserts were size 3 moderately crosslinked UHMWPE
(5MRad irradiated and re-melted GUR1020 XLK, part number 1581-13-110). Three different
tibial insert designs were tested; curved (CVD), partially lipped (PLI), and custom flat inserts
(Figure 2.1).
Figure 2.1: Three tibial insert designs tested; curved (CVD), lipped (PLI) and flat
The femoral components used had been used in previous studies, in order to ensure this
would not affect the wear results the femorals were polished in order to remove any scratches.
The lubricant was 25% bovine serum (Life Technologies, New York, USA) in 0.04% sodium
azide solution (Severn Biotech Ltd, Worcestershire, UK) and was changed approximately every
350,000 cycles. The contact area measurements were carried out using a Tekscan (Tekscan
Inc., Boston, USA) pressure mapping sensor 4000 which was designed for use in knee joint
applications, it has a total of 572 sensels with 62 sensels/cm² and a maximum pressure of
69.95 MPa.
The soft tissues were simulated using virtual springs within the simulator, the profiles of
the virtual springs were changed to represent different soft tissue constraints. In order to
represent different component alignments femoral and tibial fixtures were designed and made
that allowed the tibial and femoral components to be inserted into the simulator in the desired
positions.
2.3 Simulation Methods
The experimental study was carried out using a new generation electromechanical six station
ProSim knee simulator (KS8). The simulator has five fully independently controlled axes
and can be run in either force control or displacement control (Figure 2.2). Each station
was individually controlled, has six degrees of freedom and can apply flexion-extension (FE),
anterior-posterior (AP) displacement, abduction-adduction (AA), tibial rotation (TR) and
axial force (AF) with the medial-lateral (ML) displacement either passive or fixed. The range
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of movement within the simulator exceeds that used in the ISO standard input profiles [188].
AA can be active or passive, in all the tests it was passive to allow it to move freely.
The AP and TR displacements were defined in terms of the tibial insert; anterior displace-
ment was anterior displacement of the tibial component. The AF was applied on the femoral
component and the FE was defined in terms of the femoral component.
Figure 2.2: Simulator station with the axes and polarities labelled
2.3.1 Input Profiles
The ISO [186] force input profiles were used for all experimental simulation (Figure 2.3), with
the AF varying between 268N and 2600N, the AP force between -111N and 265N and the TR
torque from -1Nm to 5.9Nm. The FE varied between -30° and 30°, which resulted in values of
0° to 60° flexion of the femoral due to an offset of 30° applied to the femoral component with
respect to the simulator axes. This was done to ensure that the FE position was within the
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simulator FE displacement limits. The centre of rotation of the femoral component was set
in accordance with the ISO standard [186] including the medial-lateral offset. The AF was
applied medially to the centre of the joint by 7% of the width of the joint as stated in the
ISO standard [188].
(a) Axial Force (b) FE Displacement
(c) AP Force (d) TR Torque
Figure 2.3: The input AF, FE displacement, AP force and TR torque profiles [186]
2.3.2 Soft Tissue Simulation
For this study force control was used as this allowed the kinematics in each test to be de-
termined as an output of the study, enabling the effect of the soft tissue constraints and
alignment on the kinematics to be investigated. In force control TKR simulation springs are
used to represent the soft tissues in the knee [10, 62, 92, 196]. In this study virtual springs
were used, this allowed any response profile including a non-linear one to be used. The desired
spring profile for the AP and TR springs was uploaded into the simulator. This defined the
force to be applied for a given displacement, which constrained the motion, replicating the
effect of the soft tissues in the knee. The virtual springs within the simulator were validated
experimentally by applying either an AP force or a TR torque and measuring the resulting
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displacements (see Section 2.5.4).
The ISO standard spring profiles use linear springs with a gap around the zero position
(Figure 2.4).
As the soft tissues within the natural knee do not have a linear response the gap around
the zero position was added to the spring profile in order to generate a more representative
profile of the soft tissues. All tests were carried out with spring profiles similar to the ISO
standard, with variations in the spring gap size and the spring tension.
(a) AP Spring (b) TR Spring
Figure 2.4: The ISO standard AP and TR spring profiles for a CR TKR
2.3.3 Sensors
The simulator has 9 main sensors that are used for monitoring and feedback. A six axis load
cell measures the AF, AP force, ML force, TR torque, FE torque and AA torque. The AP
and vertical displacements are measured using magneto inductive position sensors mounted
on the simulator. The FE, TR and AA displacements are measured using an optical encoder
within the motor of the simulator.
2.3.4 Calibration
Before and after each wear study the simulator was calibrated; this was to ensure that the
load and displacement sensors were measuring the correct load and displacement values over
the range used during the study. The calibration was performed by comparing the output
values of the in-situ simulator sensors with the output values of external and independently
calibrated sensors.
The AP displacement was calibrated using slip gauges to measure the actual displacement
between the values of -25mm and 25mm. An external calibrated load cell was used to calibrate
the load cell within each station, different loads were applied in order to calibrate all the axes
of the load cell. The axial force was calibrated within the range of 350N and 3kN, the AP
force within the range of -500N and 500N, the TR torque within the range of -15Nm and
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15Nm and the AA and FE torques within the ranges of -25Nm and 25Nm. These values are
tuned for each station so there are some variations across the simulator but the ranges of
values tested are similar. A digital inclinometer was also used to give an angular measure of
the AA and FE displacements.
2.3.5 Stability Testing
To investigate the mechanical stability of the joint two, more extreme, spring conditions in
addition to those used in the standard kinematics tests were applied to look at any change in
the mechanics of the joint. This was done by changing the virtual spring profiles within the
simulator. The first used the same spring tensions as the ISO Standard CS springs [186] but
with increased spring gaps of ±5mm and ±9° rather than ±2.5mm and ±6°. The second test
applied no spring restraints at all.
The simulator was run with no serum or gaiters attached so that the motion of the com-
ponents could be seen, instead Vaseline was used to lubricate the joint. Dislocation of the
joint or femoral lift off was noted and compared between alignment conditions.
2.3.6 Output Kinematics
The kinematic testing was run under conditions similar to the wear test; with 25% bovine
serum and 0.04% sodium azide solution. One set of components was used on all stations to
remove any effects due to differences in the component position or fixture weight. Each test
was carried out on all six stations of the simulator with 10 consecutive cycles being recorded
on each station once the simulator had stabilised after start up. The output kinematics for
these cycles were then averaged across all the stations and the data was presented with 95%
confidence interval (CI).
The output kinematics from each test were used to compare the test constraints as they
have previously been shown to affect the wear rate of the TKR [132]. In order to do this
minimum and maximum values at defined points throughout the gait cycle were assessed in
order to characterize the profiles (Figure 2.5 and Table 2.1). For the AP displacement points
A through to D were defined as the maximum from 0-20% gait, the minimum from 20-50%
gait, the maximum from 50-70% gait and the minimum from 70-90% gait respectively. For
the TR position points E through to H were defined as the maximum from 20-40% gait, the
minimum from 40-50% gait, the maximum from 50-65% gait and the minimum from 65-80%
gait. The AA displacement was only used as a comparison between alignment and soft tissue
tests and not as a method to validate the simulator as it was not driven and was instead
left free to move. Three points were defined on the AA displacement profile; point I was the
maximum value from 0-15% gait, point J was the minimum value from 5-20% gait and point
K was the maximum from 50-90% gait.
The range of motion in the cycles was also compared between tests. The range of motion
was defined as the difference between the maximum and minimum points in the cycle.
51 Chapter 2. Experimental Methods
(a) AP Displacement (b) TR Displacement
(c) AA Displacement
Figure 2.5: Maximum and minimum points on the AP, TR and AA displacement profiles that
were used for statistical comparison between tests
Table 2.1: The definitions of the maximum and minimum points in the AP, TR and AA
displacement profiles that were used for comparison between tests
AP Displacement TR Displacement AA Displacement
A max 0-20% E max 20-40% I max 0-15%
B min 20-50% F min 40-50% J min 5-20%
C max 50-70% G max 50-65% K max 50-90%
D min 70-90% H min 65-80%
The values of these points were then compared using a one way ANOVA with significance
taken at p<0.05 using IBM SPSS Statistics 22. In cases where there were more than two
groups a Welch’s test with significance taken at p<0.05 was carried out to determine whether
the variances between groups were homoscedastic. If this was found to be true a post hoc
Tukey’s test was used in order to confirm where the differences between the groups occurred,
with significance taken at p<0.05, as this assumes equal variance. However if the variances
were found to be too different a post hoc Games-Howell test was carried out, with significance
taken at p<0.05, to determine the differences between the groups.
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2.3.7 Wear Studies
During a wear study all six stations of the simulator were run at the same time under the same
test conditions with 25% bovine serum and 0.04% sodium azide solution. The wear tests all
had a frequency of 1Hz. After approximately every 350,000 cycles the lubricant was replaced
and the components cleaned. Every million cycles the components were moved into different
stations to help reduce the effects of the inter-station variability. The simulator was visually
checked every 24 hours to ensure that it was working properly. During the test the kinematic
data was periodically recorded. As the simulator would stabilise over time the number of
cycles recorded decreased over time as the study was carried out. The first ten cycles were
stored, then one in ten cycles until cycle 100, then one in 20 cycles until cycle 10,000 and
after this one in every 10,000 cycles. This kinematic data was analysed at the end of the wear
test to investigate any changes in kinematics during the wear test and to investigate the inter
station variation.
Each study was run for 2MC and the tibial components were weighed after 0, 1 and 2
MC. The change in mass was used to determine the wear volume using a density value of
0.9346 kg/mm³ [20]. A Mettler XP205 balance was used, which has a resolution of 10µg.
Two unloaded control tibial components were soaked in lubricant for the duration of the tests
and were used as a reference to compensate for moisture uptake [21, 76].
The surface roughness of the components was measured before and after testing using a
Talysurf PGI-800. This was a stylus contact surface and form measuring instrument which
was used to find the average roughness (Ra). A total of eight 10mm traces were taken along
the superior surface of the tibial components, with four traces on the medial side and four
on the lateral side. The traces had a 0.8mm cut off as the Ra value was between 0.1µm
and 2µm [185], used a Gaussian filter and 100:1 bandwidth. The femoral components were
mounted so that they could be rotated and the traces could be taken over the whole contact
surface. Traces were taken on the medial and lateral sides at 0°, 12°, 18°, -27° and -40° from
the reference point. The reference point was taken as the highest point of the component at
each rotated position. The traces were 10mm long, had a 0.25mm cut off as the Ra value was
between 0.02µm and 0.1µm [185] and used a Gaussian filter and 100:1 bandwidth.
The femoral components were re-used during testing, to ensure they were not too damaged
only femoral components with an Ra value of less than 0.1μm were used for wear testing.
Femoral components that had become too damaged were polished before being used again.
At the end of each wear study the change in the output kinematics over time was investig-
ated. This was to determine whether the kinematics changed as the wear scar was formed. To
do this 10 cycles from the start of the study, at around 1MC and at the end of the study were
compared from each station. The minimum and maximum points in the cycles (points A-K in
Figure 6.9) were compared to determine whether there were significant differences during the
wear study. The wear rates between each of the inserts used in the study were then compared
in order to determine whether there were similar differences in the wear rates over time.
The variation between the stations was also investigated. Using the same 30 cycles taken
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at 0MC, 1MC and 2MC the output kinematics were compared between each of the 6 stations.
Any significant differences in the kinematics were then compared to the wear rates on each
station to determine whether the differences in kinematics may have affected the wear rates.
2.3.8 Fixture Design
In order to investigate the effect of alignment on the wear of knee replacements in KS8 different
femoral and tibial fixtures needed to be designed or the input profiles altered to change the
positioning of the components within the simulator. They were designed to simulate in vivo
conditions where the components have not been aligned properly during implantation.
Under mechanical alignment the top of the tibial component surface was aligned with the
AA axis of the simulator and the centre of rotation of the femoral head was aligned with the
FE axis. As the simulator was run under force control the input profiles couldn’t be altered
to create the desired alignment conditions. Instead fixtures were used that had been designed
to align the components at different angles.
The tibial component was cemented in place relative to the femoral component so that the
maximum point on the femoral was in contact with the minimum point on the tibial surface.
After set up the contact areas between the components were checked by applying microset
to the femoral contact surface and placing the femoral and tibial components in contact by
applying a load using the simulator. This was to ensure that the contact area between the
components was in the centre of the tibial surface, at the dwell point, in the AP direction on
both the medial and lateral side. This was carried out before all testing.
2.4 Simulator Validation Under Displacement Control
2.4.1 Methods
DePuy Sigma fixed bearing knee components were mounted in mechanical alignment; the
centre of rotation of the femoral component was aligned with the FE axis of the simulator,
the surface of the tibial component was aligned with the AA axis of the simulator and both
were positioned so that they were centred within the knee simulator with respect to the AP,
TR and ML axes.
The input profiles used in this test were the Leeds High Kinematics profiles (Figure 2.6)
based on the AP and TR found in the natural knee by Lafortune et al [123]. Under this input
profile the tibial rotation moved between ±5°, the flexion-extension from 0 - 58°, the anterior-
posterior displacement from -10 - 0 mm and the axial force up to 2600N. The abduction-
adduction was not driven and left to move freely and the medial-lateral displacements were
fixed. The axial force and flexion-extension profiles were the same as those used in the ISO
standard [188] (Figure 2.3).
The Leeds High Kinematic input profile was used under displacement control and the
frequency of the test was 1Hz for the duration of six million cycle wear study. To find the
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(a) AP Displacement (b) TR Displacement
Figure 2.6: Leeds High Kinematics AP and TR displacement input profiles
kinematic variation across the stations in the simulator the AP and TR cycles were split into
stance and swing phases for the calculation. The maximum output values for each station were
found over the six million cycles for the AP and TR. For the AP displacement the maximum
absolute value at points B and D were found and for TR points F and G (Figure 2.7). The
maximum values were averaged across the stations and compared to the input profile values.
The mean output kinematics could then be found by finding the range of the total magnitude
travelled by each implant over stance and swing phases. For the TR this was the maximum
difference from point E-F and F-G and for the AP displacement from A-B and C-D. As before
the values were averaged across the stations and compared to the input profile values. The
input and output axial force profiles were also compared across the stations. An acceptable
profile was one that was within ±5% of the maximum input profile value [186].
(a) AP Displacement (b) TR Position
Figure 2.7: Stance and swing phases of AP and TR displacements. The AP stance was defined
as being from A-B and swing from B-D, while the TR stance was defined as being from E-F
and swing from F-G.
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2.4.2 Profile Following
The profile following of the simulator on the dummy and knee components were analysed
to check whether the output profiles were acceptable, i.e. whether the applied forces and
displacements were within ±5% of the maximum input value. Example cycles using knee
components are shown in Figure 2.8. The axial force following was within ±5% of the input
for most of the gait cycle, however during 60-100% gait the axial force oscillates around the
demand value on all the stations. The oscillation in the axial force did not present in the
dummy component profiles so may be due to the geometry of the components. Apart from
the oscillations in the axial force the profile following was very similar between the dummy
and knee components. The AP following was acceptable on most stations however there was
an offset of around 1mm on station 5. There was also an offset of around 0.3° in the tibial
rotation (TR) following on stations 1 and 6. Both of the offsets were rectified by recalibrating
the AP displacement and TR position on the relevant stations.
(a) Axial Force (b) AP Displacement
(c) TR Displacement
Figure 2.8: The demand and output profiles from the knee simulator running Sigma fixed
bearing knee components
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The maximum outputs for TR and AP displacement in the stance and swing phases were
found for each station across all the cycles as described previously (Table 2.2). All the values
were within 5% of the maximum input apart from the AP displacement during stance. This
was 1.97mm compared to the input value of 1.4mm. This could have been due to the offset
in the AP output compared to the input, station 5 had the largest offset however some of the
other stations had an offset of around 0.5mm. The AP displacement was recalibrated on all
stations to rectify the issue.
The maximum range of motion for TR and AP displacement was also found for the stance
and swing phases across all the cycles as described previously (Table 2.3). All the values were
within 5% of the input values. This showed that the output kinematics closely followed the
input profiles to the simulator and achieved the demand values at the peaks.
Table 2.2: Average maximum input and output tibial rotation (°) and anterior-posterior
displacement (mm) in the displacement control test
Displacement Gait Cycle Stage Maximum Input Maximum Output
Tibial Rotation Stance 4.9 4.94
(°) Swing -4.9 -4.80
Anterior-Posterior Stance 1.4 1.97
Displacement (mm) Swing -10 -9.78
Table 2.3: Average maximum range of motion magnitudes for the TR and AP displacements
in the displacement control test
Displacement Gait Cycle Stage Maximum Input Maximum Output
Tibial Rotation Stance 8.37 8.37
(°) Swing 9.8 9.74
Anterior-Posterior Stance 4.69 4.81
Displacement (mm) Swing 11.4 11.38
2.4.3 Wear Rate
The average wear volume after each million cycles (KS8) is shown in Figure 2.9 compared to
another simulator (KS6) for a similar wear study with the same conditions and components.
A linear fit has been found for each simulator across the study to show the wear rate over the
length of the study.
A student’s t-test was carried out on the wear rates between the two simulators, a p value
of less than 0.05 relates to a significant difference between the simulators. The null hypotheses
for this test was that there was no significant difference between the simulators. After 3 MC
the p value was above 0.47 and after 6 MC the average value was closer to that of KS6 and
the CI decreased so the null hypotheses has not been rejected.
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Figure 2.9: The average wear volume after each million cycles for KS8 and KS6 for the same
wear study conditions along with a linear fit
2.5 Simulator Validation Under Force Control
2.5.1 Methods
In order to validate the simulator under force control a similar method was used as for the
validation of displacement control using DePuy Sigma fixed bearing TKRs; the profile fol-
lowing was checked and the outputs (kinematics and wear) were validated against previous
studies. The ISO standard force control inputs [186] were used in order to simulate walking
motion with the ISO standard values for the AP displacement and TR restraints. For AP
motion within ±2.5mm of the zero position no restraint was applied, for negative displacement
greater than 2.5mm a restraint of 44 ± 2.2 N/mm was applied and 9.3 N/mm for positive
motion. For TR no restraint was applied within ±6° of the zero position, past this there was
a restraint of 0.36 ± 0.02 Nm/°. These restraints simulate the effects of the ligaments within
the knee joint for a resected ACL and preserved PCL.
The input AP force and TR torque profiles were split into representative maximum and
minimum points in order to investigate the profile following (Figure 2.10). The ISO standard
specifies that the applied profile should be within ±5% of the maximum input value.
To investigate the inter-station variation one hundred consecutive cycles were recorded
under wear test conditions on each station of KS8. These cycles were then averaged to give
a mean AP and TR output for each station. The variation on each station across those 100
cycles was found as well as the variation between the six station means. To compare the
kinematics the maximum and minimum points in the AP and TR displacement outputs were
found (Figure 2.5). A students t-test was carried out using IBM SSPS Statistics 22 in order
to test for significant differences with p<0.05 being taken for significance.
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(a) AP Force (b) TR Torque
Figure 2.10: Maximum and minimum points in the AP force and TR torque input profiles
used for comparison
2.5.2 Profile following
The corresponding points in the applied AP force and TR torque profiles were found for each
station and averaged across the simulator (Table 2.4). For the AP force both points A and
B were only just above 5% of the maximum input value and point C was below. For the
TR torque point E was under 5% however it was very high at point D. This was due to the
TR torque profiles being very unstable at this point in the cycle (Figure 2.11). This may be
due to the sharp increase in the AP force between 0% and 10% gait (Figure 2.10 (a)), which
would have affected the application of the TR torque. However for the rest of the cycle the
TR torque was much more stable.
Table 2.4: Average maximum and minimum inputs and applied AP force and TR torque in
force control test
Input Applied Difference (% of
Profile Profile maximum input)
AP (N) A 265.1 279.64 5.5
B -110.7 -125.95 5.8
C 177.16 180.6 1.3
TR (Nm) D -1 -2.2 20.3
E 5.9 6.1 3.4
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(a) AP Force (b) TR Torque
Figure 2.11: Input AP force and TR torque profiles from each station
2.5.3 Inter-station Variation
The maximum 95% confidence intervals for each of the stations were under 0.024 mm and
0.031° for the AP and TR respectively. This shows that for each station there was little
variation between cycles, therefore in further kinematic testing only 10 consecutive cycles
were recorded on each station.
However between the stations there was more variation, particularly in the last 30% of
the cycle (Figure 2.12). The increased variation at the end of the cycle was probably due to
a decrease in the applied AF resulting in lower friction between the components.
(a) AP Displacement (b) TR Displacement
Figure 2.12: Average AP and TR displacement under force control conditions with 95%
confidence intervals
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2.5.4 Virtual Springs
Under force control simulation virtual springs within the simulator were used to restrain the
AP and TR motion, replicating the effect of the soft tissues within the knee. In order to check
that the virtual springs were functioning properly the response to different loads was tested.
Dummy components were inserted into the simulator and the ISO standard CR and CS springs
uploaded. An AF of 50N was applied, this was the lowest AF value that could be applied
during testing. Different AP forces and TR torques were applied to the dummy components
and the resulting displacements recorded. These displacements were then compared to the
expected values given the spring stiffness’s and the average spring stiffness in each direction
found for each station (Tables 2.5 and 2.6). The resulting displacements were close to the
expected displacements, small differences were expected due to friction within the AP and
TR motion and the applied AF.
Table 2.5: Virtual spring test results for ISO CR Springs
Station Anterior (N/mm) Posterior (N/mm) External (Nm/°) Internal (Nm/°)
9.3 44 0.36 0.36
1 9.75 43.45 0.41 0.33
2 9.86 42.78 0.41 0.34
3 9.88 43.00 0.40 0.36
4 10.04 43.17 0.42 0.35
5 9.88 42.61 0.41 0.31
6 10.31 42.71 0.36 0.41
Average 9.96 42.95 0.40 0.35
Table 2.6: Virtual spring test results for ISO CS Springs
Station Anterior (N/mm) Posterior (N/mm) External (Nm/°) Internal (Nm/°)
9.3 9.3 0.13 0.13
1 9.16 9.60 0.14 0.13
2 9.58 9.72 0.17 0.12
3 9.69 9.47 0.19 0.11
4 9.48 10.00 0.17 0.14
5 9.90 9.48 0.15 0.14
6 9.90 9.71 0.14 0.15
Average 9.62 9.66 0.16 0.13
2.5.5 Wear Rates
Three MC were run under force control conditions and the wear volume for each MC found
(Figure 2.13). For the first MC under force control the data from only four stations could
be used therefore an extra MC was carried out. The average wear rate for the first MC
was significantly higher than the average wear rate after 3MC (p=0.025). There were some
differences in the output kinematics during the study which may have resulted in different
wear rates; point A in the AP displacement profile was significantly higher after 2MC than
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at the start of the study (p=0.032), point D in the AP displacement profile was significantly
lower after 1MC than at the start of the study and after 2MC (p<0.01). Point H in the
TR displacement profile was also significantly lower at the start of the study than after 2MC
(p<0.01).
Figure 2.13: Wear volume for each million cycle for KS8 under force control conditions and
KS6 under displacement control conditions with a linear trend
To validate the wear values under force control conditions they were compared to the wear
rates found under displacement control. Under displacement control the AP displacement
varied from -10mm to 2mm and the TR position from -5° to 5°. Under the force control test
the AP displacement was between 0-6.5mm and the TR position between 0° and 8°. This
meant the AP motion had about half the magnitude and the TR position about 0.8 of the
magnitude under force control compared to displacement control. There was no significant
difference between the wear rates after 3MC (p=1.26) although KS8 under displacement
control conditions did result in a lower wear rate.
A previous study into the effect of kinematics on wear found that halving the AP mag-
nitude resulted in the wear rate decreasing to 62% of the original value [132]. The force
control wear rate after 3 MC was 54.9% of the displacement control values, which was a
similar decrease as that found by the previous study. The difference in wear may be due
to the UHMWPE used; conventional compared to moderately crosslinked in this study as
cross-linking has been shown to significantly reduce the wear in joint replacements [75, 77]
2.5.6 Effect of tibial fixture weight
To test the effect of weight on the movement in the AP and TR positions the same profile was
run with a PEEK tibial holder, weighing 1.9kg, and a steel tibial holder, weighing 2.4kg. The
test was run on all six stations of the simulator under wear test conditions and 10 consecutive
cycles were recorded on each station with both the Steel and PEEK tibial fixtures.
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There was a minimal difference in the AP displacement, the PEEK holder resulted in
around 1mm more posterior displacement than the steel holder during the first 80% of the
cycle (Figure 2.14). This may be due to the extra weight of the steel holder so larger weight
differences may result in a larger difference.
In the TR position there was a constant offset throughout the cycle of around 2 degrees
(Figure 2.14). This offset could be due to differences in the cementing of the components into
the tibial holders. Otherwise there was little difference between the two profiles. There was
more variation in the TR position for both the Steel and PEEK holders compared to the AP.
However there was more variation in the Steel holder TR position than for the PEEK.
(a) AP Displacement (b) TR Displacement
Figure 2.14: The output AP and TR displacements with different weight tibial holders; steel
(2.3kg) and PEEK (1.9kg) with the 95% CI shown by dotted lines
In order to reduce any differences in kinematics in any of the studies in this research the
weight of the steel tibial fixtures were kept as close to 2.4kg as possible. Any tibial fixtures
that weighed more than this were made lighter by removing any unnecessary sections of the
tibial fixture surface.
2.6 Wear Scar Analysis
2.6.1 Purpose
The aim of this method was to be able to analyse and compare the wear scars between different
experimental studies. After a wear study had been carried out on the simulator the area of
the tibial insert which had worn away was visible, this method used an image of the tibial
insert, where the wear scar had been outlined in pen, and digitised the position and shape
relative to the tibial insert. The area of the wear scar could then be found and compared
between tests.
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2.6.2 Methods
2.6.2.1 Photographing the tibial insert and wear scars
After the experimental tests were complete a black, permanent pen was used to draw around
the outside of each wear scar on the tibial inserts. This line was drawn so that the inner edge
of the pen lined up with the outer edge of the wear scar (Figure 2.15).
The photographs were taken from above each tibial insert with a digital camera. A black
background was used along with a light diffuser to reduce the amount of shine on the tibial
insert and create a high contrast with the edge of the tibial insert. All the photographs were
taken with the anterior side of the tibial insert at the top and with the medial-lateral plane
of the tibial insert approximately horizontal.
Figure 2.15: Example photograph showing a tibial insert with the wear scars
2.6.2.2 Generating the outlines
The digital image was imported into Matlab and converted to a greyscale image (Figure 2.16).
The contrast of this image was then increased in order to increase the definition of the wear
scars. The image was then converted into a binary image using a threshold value to determine
whether each pixel would be black or white (Figure 2.17).
To find the outline of the tibial insert the threshold value was found using the Matlab
function ’graythresh’, this used the amount of dark/light pixels in the greyscale image to
determine a threshold. This value was normally around 0.5 and varied depending on the
amount of black background around the tibial insert. This resulted in a clean outline of the
tibial insert.
However using the ’graythresh’ function to determine the threshold did not generate clear
outlines of the wear scars. As the lines used to draw around the wear scars were not as distinct
as the background the threshold value often resulted in gaps in the outline of the wear scars.
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(a) Original image (b) Greyscale (c) High contrast
Figure 2.16: Original wear scar image, the greyscale version of the same image as well as the
increased contrast image
(a) Automated threshold (b) Manual threshold
Figure 2.17: Binary image using the automated threshold to find the edge of tibial insert and
using the manual threshold to find the edge of the wear scars
A threshold value of 0.6-0.7 was found to work best in order to generate clean wear scar
outlines. This value was changed depending on each image.
The Matlab function ’bwboundaries’ was then used in order to find the coordinates of the
boundaries; that was the regions between the black and white pixels. The largest boundary
found from the binary image using the automated threshold was defined as the outline of the
tibial insert. The location of the centre of the tibial insert was then found to determine which
x coordinates would constitute a medial wear scar and which would constitute a lateral wear
scar (Figure 2.18).
The Matlab function ’polyarea’ was then used to find the area of each boundary, the
boundary found on the medial and lateral sides of the tibial insert with the second largest
areas (the inside edge of the drawn on black lines) were defined as the wear scar outlines.
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Figure 2.18: The generated outlines for the edge of the tibial insert and both wear scars
2.6.2.3 Normalisation
In order for the wear scar outlines to be comparable within and between tests the wear scar
outlines needed to be normalised to ensure they were in the same location with the same
orientation and size.
The centre of area of the tibial insert outline was found, the tibial outline and wear scar
outlines were then moved so that (0,0) was at the centre of area of the tibial insert (Figure
2.19).
The principal moments of area of the outline were then found using the open source
’polygeom’ function [183]. The tibial outline was then rotated about its centre of area so that
the principal moment of area were at 90° and 180°, this resulted in the tibial outline being
horizontal. The wear scar outlines were then rotated by the same angle. All the outlines were
then scaled so that the width of the tibial insert was equal to 71mm and was to scale.
In order to ensure the wear scar outlines were smooth and did not contain inconsistencies
from the boundary definition process the wear scar outlines were smoothed using Fourier
analysis (Figure 2.20). As each outline was a closed loop standard smoothing functions in
Matlab would not work; they do not allow repeated x values. The two functions used to
generate the Fourier series and convert that into new coordinates were open source functions
’EllipticFourierDescriptor’ and ’plotEllipticFourierDescriptor’ respectively [165].
For the outlines to be directly comparable they were all down sampled so that they had
the same number of points. For one set of 6 outlines the number of points making up each
outline ranged from 1126-1254 points. All the outlines were therefore down sampled to 1000.
In order to ensure that each outline started and ended at the same relative point and therefore
that the first point on the outline will be comparable across all the outlines the start point
of each outline was also changed so that they were in a similar position for all outlines. First
each outline was moved so that the centre of area was at (0,0), the start point of the outline
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Figure 2.19: Scaled, centred and rotated tibial edge and wear scar outlines
Figure 2.20: The original wear scar outline and the same outline after Fourier analysis
was then moved to the point where x=0 and with the highest value of y. After this process
was completed the outlines were moved back to their original positions.
2.6.2.4 Average wear scar
As the wear scar outlines were different shapes the corresponding point in each outline was
still not directly comparable; the differences in size and shape meant that the corresponding
points could be in very different locations. In order to compare the outlines landmarks moved
into comparable positions along each outline were used.
Bookstein defined three types of landmarks [40]; type 1 (fully defined) are where three
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structures meet, type 2 are the maxima or minima of curves and type 3 (semi-landmarks) are
less well defined; they fill in gaps away from any intersections. As there were no intersections
in the wear scar outlines type 3 landmarks were used.
The method used to define the semi-landmarks was that explained by Bookstein [39]. The
landmarks were first evenly spaced around one of the wear scar outlines; this was used as the
reference outline (Figure 2.21). The next outline was then compared to the reference outline.
For the first landmark on the reference outline the closest point along the new outline was
found. This point was then set as the first landmark on the new outline. This process was
then repeated for all the landmarks on the new outline.
Figure 2.21: Landmarks on a wear scar when they were positioned based on the reference
landmarks and after the landmarks have been moved relative to the average landmark position
Once this had been carried out on all 6 outlines the average landmark position across the
outlines was found. This average was then used as the reference landmarks and the process
was repeated. This allowed each outline to be defined by a number of points, in this case 100,
in a way that made each set of points comparable regardless of the outline shape or size.
The average wear scar outline and the 95% confidence interval could then be calculated
from the average position of each landmark across the 6 outlines (Figure 2.22).
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Figure 2.22: The average wear scar outlines with 95% confidence intervals (n=6)
2.6.2.5 Wear scar area
In order to calculate the contact area of the curved tibial surface using a 2D outline the
proximal surface of the tibial insert was imported as an stl file from the solidworks part file
of the whole insert. In order to get just the proximal tibial surface it was first exported as
a parasolid, the surface was then meshed to generate triangular elements. The wear scar
outline was then projected on top of the 3D tibial surface and the elements within the wear
scar outline were found (Figure 2.23).
This was done by finding all the node points on the tibial surface that were within the wear
scar outline (Figure 2.24). The nodes made up a triangular mesh, if one node of a triangular
element was outside of the wear scar outline the element was removed from the wear scar
surface. The 3D surface area was then calculated by summing the areas of each element, the
area of each triangular element was calculated using Equation 2.1 where x, y and z are the
coordinates for nodes 1, 2 and 3.
Area = 0.5 ∗
√√√√√√√det
∣∣∣∣∣∣∣∣
x1 y1 1
x2 y2 1
x3 y3 1
∣∣∣∣∣∣∣∣
2
+ det
∣∣∣∣∣∣∣∣
y1 z1 1
y2 z2 1
y3 z3 1
∣∣∣∣∣∣∣∣
2
+ det
∣∣∣∣∣∣∣∣
z1 x1 1
z2 x2 1
z3 x3 1
∣∣∣∣∣∣∣∣
2
(2.1)
This area calculation using the 3D mesh resulted in an underestimate of the wear scar area
due to the gaps occurring between the edge of the mesh and the edge of the outline (Figure
2.25).
Table 2.7 shows the calculations of the 2D and 3D surface areas of the wear scar outline.
In order to make the calculation more accurate, the areas within the wear scar that were not
represented by the 3D mesh were calculated as a 2D surface area. The total wear scar area
was then calculated as the sum of the 3D surface made up of the mesh and the 2D area outside
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Figure 2.23: 3D proximal tibial surface imported into Matlab with wear scar outlines projected
onto the top surface
Figure 2.24: The 3D superior tibial surface within the wear scar outline
of the mesh that was still within the wear scar outline.
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Figure 2.25: Zoomed in view of the 3D mesh elements to show the gaps between the mesh
and the wear scar outline
Table 2.7: Calculated area for 6 wear scar outlines using three methods; calculating the area
of the 2D wear scar outline, calculating the 3D area of the mesh within the wear scar outline
and summing the 3D surface area with the 2D surface between the edge of the 3D mesh and
with the wear scar outline.
Area (mm2) 1 2 3 4 5 6
2D Surface Area 234.20 266.05 269.31 237.21 245.07 244.44
3D Mesh Surface Area 244.63 277.04 281.03 247.03 255.89 255.63
Combined Area 261.50 295.33 306.54 267.18 279.31 272.49
2.6.2.6 Outline of conforming section of tibial
In order to investigate the amount of wear that occurs on the edge or over the edge of the
tibial insert the outline of the conforming section of the tibial was found; this was the part of
the tibial where contact with the femoral should occur (Figure 2.26).
An .stl file was generated of just this section of the tibial insert using the same method
as described previously (Figure 2.27). The 2D outline of this section was then found using
the Matlab function ’boundary’ with a shrink factor of 1, this shrink factor gave the closest
match to the outline of the data points in the .stl file.
This boundary was then added to the outline of the tibial insert (Figure 2.26). The area of
the wear scars that overlapped this inner edge could then be found by finding the intersection
between the inner edge and the average wear scar outline using the Matlab function ’polybool’.
This returned the outline of the intersection and the area of this outline could be found.
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Figure 2.26: Edge of tibial insert with edge of conforming section shown in red
Figure 2.27: Mesh generated from the .stl file of the conforming section of the tibial with
generated boundary shown in red
2.6.3 Validation
2.6.3.1 Wear scar generation
The generation of each of the outlines was validated by overlaying with the original image
(Figure 2.18). The exact position of the boundaries depend on the threshold value used,
however due to the error involved in drawing the lines on the insert originally the error in the
position of the digitised boundary was negligible.
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2.6.3.2 Normalisation
The tibial insert edges found from 6 different images once they had been normalised were
very similar (Figure 2.28), this shows that the tibial edge definition and normalisation process
across the different images resulted in comparable data.
Figure 2.28: Normalised tibial outlines from 6 different images
Figure 2.29 (a) shows an image that has been rotated by 30 degrees, this has changed the
size and orientation of the tibial insert in the image. The resulting tibial outline from the
original image and from the rotated image is shown in Figure 2.29 (b); there was no difference
between the two outlines. This shows that the scale, position and orientation of the tibial
insert in the original image does not affect the digitised outline.
(a) Rotated image (b) Resulting outlines
Figure 2.29: A rotated image and the resulting tibial outlines from the original and rotated
images
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2.6.3.3 Average wear scar generation
The number of harmonics used for the Fourier analysis was chosen so that the position of
the outline would remain the same but inconsistencies in the outline would be removed. The
number of harmonics that best achieved this was found to be 15 for this data set. Figure 2.20
shows how close the Fourier outline was to the original outline.
In order to average the position of the landmarks they were moved along their respective
outline until they were as close as possible to the reference/average landmark. This process
was repeated and the sum of the differences in the locations across the average landmarks was
found after each iteration (Figure 2.30). It took 10 iterations for the change in the average
landmark positions to be zero for this data set. After 2 iterations the landmarks have been
moved relative to the first outline, they were then moved relative to the average outline. In
this test there was a total change in the coordinate positions of 0.31, given this was across
all 100 landmarks in the average outline this was a small change. After another iteration this
change had reduced down to 0.02, this code therefore used 3 iterations to define the positions
of the landmarks on each outline.
Figure 2.30: Change in average landmark positions after each iteration of the landmark sliding
process
2.6.3.4 Wear scar area
In order to find the amount of error associated with the 3D area calculation using a triangular
mesh rather than the actual curved surface a test was carried out. A sphere with a radius of
4mm was made as a solid part in Solidworks, the outer surface was then saved as an stl file
and imported into Matlab (Figure 2.31).
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Figure 2.31: Sphere made up of a triangular mesh imported into Matlab
The area of the sphere was calculated using two different methods with Equation 2.1 in
Section 2.6.2.5 and Equation 2.2.
Asphere = 4pir
2 (2.2)
The radius of the sphere was 4mm, this was chosen so that using Equation 2.2 the total
area of the sphere would be similar to that of the wear scar outlines; 201.06mm2. The area
calculated using the triangular mesh in Matlab and Equation 2.1 was found to be 200.79mm2.
The percentage error between these two values was less than 1% and was therefore a valid
method for the area calculations being carried out.
Mesh convergence was carried out on the .stl file of the tibial surface that was imported
into Matlab. The average wear scar area calculated for 6 tibial inserts was calculated for fine
and coarse meshes (Figure 2.32).
Figure 2.32: Mesh convergence carried out on the tibial insert surface used for the wear scar
area calculation
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The calculated wear scar area was found to converge after 22,000 triangles were used to
represent the tibial surface. Therefore the imported tibial surface used for analysis had a total
25,939 triangles (deviation 0.008mm and tolerance 15°).
2.6.4 Limitations
When taking the image of the tibial insert with the wear scar outlines there are a number of
factors that effect the final area calculation. For example if the image was taken at an angle
and not from directly above the insert there would be a change in perspective which would
affect the wear scar position and area.
There was also error involved in the drawing of the wear scar outlines. The code was
set up to take the inside edge of the line drawn around the wear scar outline. However as
the tibial insert was white and shiny the wear scar edges are sometimes difficult to see; this
results in some error when drawing the edge of the wear scar. Any inaccuracies when drawing
this outline and setting up the photograph will follow through into the analysis and area
calculations.
To investigate the repeatability in drawing the wear scar outlines the outlines were drawn
twice on the same set of tibial inserts and the average outline found each time (Figure 2.33).
There were some differences in the outlines, especially near to the edge of the tibial insert on
the medial, posterior side and the lateral, anterior side of the insert.
Figure 2.33: Average wear scar outlines for the same set of tibial inserts for repeats of wear
scar outlines. The blue line shows the average outline for the first set of drawn outlines, and
the red line shows the repeat carried out once the wear scar outlines had been drawn a second
time
Another limitation was the calculation of the average wear scar using landmarks. The
landmarks were moved along the wear scar outline to the position closest to a reference point.
However for wear outlines which were a different shape to the others in the same test this
can result in the landmarks being moved so that a section of the outline has no landmarks
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on as there were other points on the outline closer to the reference point (Figure 2.34). This
resulted in losing the true shape of the outlines due to clustering of the landmarks.
(a) Before Sliding (b) After Sliding
Figure 2.34: Landmark positions on a wear scar outline before sliding (a) and after sliding
(b) if the landmarks were allowed to move too far from their original position along the wear
scar outline
In order to prevent this from happening the distance that each landmark can move along
the wear scar outline was restricted; this stopped the landmarks from clustering together
and the shape of an outline being lost. However this may also result in the 95% confidence
interval in the average wear scar outline increasing due to the landmarks being further from
the reference landmarks.
The calculation of the wear scar area had some limitations due to the use of the mesh.
However as the mesh convergence had been carried out the wear area calculation should be
accurate. The calculation uses the geometry of a new insert as opposed to a worn insert, the
actual surface area of the wear scar would be larger due to the change in geometry.
2.7 Contact Area Measurement
In order to measure the contact areas between the femoral and tibial components at different
points in the gait cycle a Tekscan 4000 sensor was used. The sensor is designed for use in
knees and has two sensors; one on the medial and one on the lateral condyle. There are a
total of 572 sensels with a resolution of 62 sensels/cm² and a peak pressure of 68.95MPa.
The sensor was placed between the femoral and tibial components in the simulator and
the displacements and loads of a particular point in the gait cycle were applied. This was
carried out for each different alignment and spring condition.
The differences in the contact area aid in the understanding of the different wear rates
and could be compared to previous computational and experimental studies into the effects
of alignment on load distribution [52, 53, 126, 201].
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2.7.1 Methods
2.7.1.1 Calibration
Before using the sensor it was first calibrated within one station of the simulator so that the
sensor precision could be altered depending on the loading range applied. The sensors were
placed between a pair of polyurethane shims between two flat surfaces (Figure 2.35). As
there were a range of loads that were applied during gait a power law calibration was used;
80% and 20% of the peak load was applied to the sensor and measured for calibration. The
polyurethane shims ensured that the sensors were evenly loaded and that the calibration was
accurate.
Figure 2.35: Tekscan calibration with the sensor between two polyurethane shims and the
load being applied through a flat surface
When carrying out the calibration the sensitivity setting could be changed, this setting
affected the saturation pressure set during calibration. The saturation pressure was set to
correspond with the maximum pressure measured for the range of loads applied during cal-
ibration. The calibration was carried out at four different sensitivity settings; default, low 3,
low 2 and low 1 (Table 2.8).
Table 2.8: Saturation pressure for different sensitivity settings using the Tekscan sensor
Sensitivity Setting Saturation Pressure (MPa)
Default 5.98
Low 3 15.41
Low 2 20.48
Low 1 38.6
The default setting had the lowest saturation pressure of 5.98MPa, which would be too
low for the testing, the low1 setting had the highest saturation pressure of 38.6MPa which
would be higher than needed. The low2 setting was chosen as it had a saturation pressure
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of 20.48MPa, ensuring that the expected contact pressures measured would all be lower than
the saturation pressure.
2.7.1.2 Validation
In order to validate the pressure values from the Tekscan the sum of the pressure was de-
termined and divided by the calculated contact area in order to find the measured force. This
value of the measured force was then compared to the applied force at each point in the cycle.
The measured force values from the Tekscan sensor were significantly lower than the
applied force values (Table 2.9). The large difference in values suggests that the contact
pressure values were not accurate due to the high error in the applied force.
Table 2.9: Measured force (N) from the Tekscan compared to the applied force (N) at each
point in the cycle
Point Applied Force Measured Force
1 1402 13.6±0.7
2 2433 14.7±0.6
3 367 13.8±3.9
4 168 5.7±0.8
This error could be due to issues during the calibration of the sensor; in order for calibration
to occur there needed to be pressure over a large enough area of each of the sensors. The
application of an even force across both sensors in the knee simulator was difficult to achieve
using materials similar to the materials of the TKR. Instead more elastic materials were used
in order to distribute the pressure over the sensors. This may have resulted in an error in the
measurement of the force. With this calibration the values of the contact pressure measured
were similar the values expected; around 12MPa. However if the large error in the measured
force was taken into account the contact pressure values would be values around 100 times
larger and would therefore be unrealistic.
The issue could also be due to the small contact areas with the TKR components com-
pared to the larger contact area during calibration. During the calibration process the force
measurement was close to the applied values, however with the TKR components this value
was very different.
The measurement of the contact area using the Tekscan sensor was verified by applying a
load on to two block of an area of 320mm² each. A load of 2kN was applied in order to ensure
as much contact as possible and a contact pressure measurement taken. The contact area
was then calculated by finding the area of all the sensels with a pressure reading of greater
than 0MPa. The total contact area on the medial and lateral sensors was calculated to be
579mm² using the Tekscan sensor. This is slightly lower than the actual value of 640mm²
however the differences could be due to the pixilated nature of the pressure reading or due
to the there being incomplete contact between the surfaces. The measurement on the medial
sensor was 305mm² which was closer to the actual value than the lateral sensor which resulted
in a contact area of 274mm². This difference may be due to the slightly uneven loading in the
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simulator; there was a larger load on the medial block and therefore a more accurate contact
area measurement.
Due to the issues with the measurement of the force in combination with the potential
error in the pressure calculation due to the measured force the pressure values measured by the
Tekscan were not used. Instead the Tekscan measurements were taken in order to determine
the contact area and the contact position at each point in the cycle.
2.7.1.3 Points Measured
The four points measured represented different points during the gait cycle (Figure 2.36); the
first at 5% gait where the initial peak in the AP force occurs, the second at 45% gait where
the last peak in the AF occurs, the third at the point in the cycle where the combined AP
and TR displacement were at their maximum and the fourth point at 72% gait where the FE
was at its peak (Table 2.10). These points were chosen to represent the range of pressures
and contact points throughout the gait cycle.
To measure each point the Tekscan sensor was placed between the femoral and tibial
components and the displacements applied to generate the desired positioning. The AF load
was then applied and a measurement on the Tekscan sensor taken.
Table 2.10: Displacements and loads applied to the Tekscan sensor at four different points in
the gait cycle
Measurement AF (N) FE (°) AP TR AA
Point Displacement (mm) Rotation (°) Rotation (°)
1 1402 -25 1.9 0.4 -0.7
2 2433 -22 0.6 3.6 -0.7
3 367 4 5.4 7.0 -0.1
4 168 28 -0.7 -0.3 1.2
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(a) Axial Force (b) FE Displacement
(c) AP Force (d) TR Torque
(e) AP Displacement (f) TR Displacement
Figure 2.36: Points in the gait cycle measured using Tekscan
2.7.1.4 Analysis
For each measurement using the Tekscan sensor a file was generated with the loads of each
sensel. Matlab was used to read these files and to find the contact area on each side and the
position of the contact area. The data from the medial and lateral sensors were overlayed on
an outline of the tibial insert in an approximation of their position during testing.
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In order to find the contact area an outline was generated around all the sensors that had
a pressure greater than 0. The outline was then smoothed using Fourier series (Figure 2.37)
and the area and average outline found using the same method explained in Section 2.6. The
average outline for each test and 95% confidence interval was then found, this allowed the
position and shape of the contact areas between tests to be directly compared.
Figure 2.37: Tekscan data along with generated contact area outline shown in red
During testing some damage to the sensor occurred due to its fragile nature. Some of the
rows and columns of sensels stopped producing any pressure values (Figure 2.38). In order to
account for this data linear interpolation was carried out to approximate the unknown values.
This insured that the damaged sensels did not affect the outline of the contact areas.
(a) Original Data (b) Interpolated Data
Figure 2.38: Tekscan data showing unresponsive sensels in two columns of the lateral sensor
(a) and the approximated values for the damaged sensels after linear interpolation (b)
The contact areas were then compared between stations using a one way ANOVA with
Chapter 2. Experimental Methods 82
significance taken at p<0.05 with post hoc testing as described previously.
2.7.2 Repeatability
To determine how repeatable the measurements would be given that the tibial surface was
curved and therefore the sensor may be move slightly between readings the same measurements
were repeated three times on five stations. The other station did not have a working AA motor
and therefore could not be used for testing. The variation between these repeats and between
each station were then found with respect to the contact areas and contact position.
For each measurement taken the outline of the contact area was found, Figure 2.39 shows
the contact areas taken at gait cycle point 2 on all five stations. The outlines of each station
were shown in a different colour with the 95% confidence intervals shown with dotted lines.
Most of the confidence intervals were small enough that they were not visible in the image.
The maximum 95% confidence intervals were found across the repeats on each station for each
point measured. The confidence intervals were all within 7% of the average value; there was a
minimal difference in the contact areas between repeats in terms of their position and shape.
Figure 2.39: The average contact areas with 95% confidence intervals for three repeats on
each station at gait cycle position 2
However between the stations there was much more variation, with some stations having a
very different position of contact area. The maximum 95% confidence interval found was 30%
of the average value. Figure 2.40 shows the average medial and lateral contact areas across
all the stations on the simulator with the 95% confidence intervals, these were much larger
than between the repeats on each station (Figure 2.39)
The average and 95% confidence interval in the contact area was found for each measure-
ment point on each station. The 95% confidence intervals of the repeats on each station were
within 7% of the average value.
Significant differences were found between the stations at all measurement points taken.
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Figure 2.40: The average contact areas across the simulator for gait cycle position 2 and the
95% confidence intervals
There was no clear trends in which stations had higher or lower contact areas.
As there were minimal differences between repeats with respect to the contact area or
contact position repeats were not carried out in further testing. However measurements were
taken on all stations of the simulator as there was much higher inter station variation.
2.7.3 Limitations
One limitation due to use of the Tekscan sensor was due to the shape of the tibial and femoral
components. As these are both curved and the Tekscan sensor was flat when a load was
applied the sensor wrinkles around the components which may affect the accuracy of the
measurements. The curvature of the tibial also means that the sensor cannot be applied flat
to the insert, therefore there may be variation in its positioning between uses.
The variation between stations may be due to differences in the station set up which affect
the positioning of the components relative to each other. Differences in the position of the
tibial insert with respect to the simulator axes will affect the position of the centre of tibial
rotation, therefore there will be differences in the contact positions after rotation. Some of
the displacements being applied were also very small and therefore the variation in the actual
applied position may also vary between stations.
The measurements were also taken statically with the Tekscan sensor as under dynamic
loading the sensor would have moved during testing. This may result in the measured contact
pressure being different to the dynamic contact pressure values.
The main limitation was due to the calculation of the applied force and the following
calculation of the pressure values. The values of the measured force were found to be far
lower than the applied force values, at some points by a factor of 100. This error may be due
to the issues with calibration of the sensor within the knee simulator. However if this error
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in the measured force were to be taken into account the pressure values would be around
1200MPa. As this is an unrealistic value for the conditions of this study there may also be an
error in the calculation of the contact pressure by the sensor. Due to these issues the pressure
values from the Tekscan sensor were not used in this study.
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Chapter 3
Computational Methods
3.1 Introduction
Experimental simulation is expensive with respect to both time and cost therefore nat-
ural and prosthetic knee joints have previously been modelled using finite element methods
[6, 9, 94, 116, 126]. Computational modelling can also provide extra outputs that are not
available or difficult to measure under experimental methods. For example the measurement
of contact pressure and area can only be measured statically under experimental methods,
and at specific points in the gait cycle. Conversely using a computational model a more ac-
curate measurement of contact pressure and area can be found throughout the gait cycle, at
all points.
Computational modelling can also be used for parametric studies due to it being a faster
and cheaper method than experimental studies. Therefore once a model has been validated
by comparison with experimental results a wide range of test conditions, such as different
component alignments, can be run in order to find the effect of incremental changes. This can
provide more information and a greater depth of understanding of factors such as component
alignment on a range of outputs such as contact area and kinematics throughout the gait
cycle. Validated computational models can be used in comparative analysis and the design of
new prostheses.
Previous studies have used computational models in order to predict the contact pressures
on the tibial insert, the kinematics of the TKR and the wear rate [8, 9, 114, 126, 189]. In this
study a computational model was developed in order to predict contact pressure and kinemat-
ics under force control conditions. In order to do this the model was validated under different
soft tissue conditions and under different component alignment conditions using experimental
data. This validation of the computational model under both soft tissues and component
alignment with experimental data had not been carried out before. This was independent val-
idation; validation of the computational outputs against outputs of independent and identical
conditions. The model was then used to investigate the effect of a range of alignment and soft
tissue conditions which had not been studied experimentally.
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3.2 Methods
The computational model was developed in ABAQUS (ABAQUS 6.14-4) to replicate the
conditions found within the simulator. The model was developed so that it could run under
both displacement and force control conditions. A simplified cylinder on plate model was
developed first in order to determine the correct contact properties by comparing to analytical
solutions. A static knee model was then used for mesh convergence and finally a dynamic
knee model used for validation and further studies (Figure 3.1).
Figure 3.1: Flow chart showing the development of the simplified cylinder on plate model,
the static knee component model and the dynamic knee model
A simplified model was developed first, using a cylinder and a plate with similar geometry
and material properties as the knee components. This model was a static model as it was not
run under the gait cycle conditions. The model was then validated by comparing the predicted
stress to the Hertzian value. The validation was deemed successful if the predicted stress from
the computational model was within 5% of the Hertzian value. The contact and interaction
properties used in this simplified model were then used in all further models. Springs were
added to the model in order to represent the virtual springs used within the simulator. The
response of these springs were then validated by applying a force and measuring the resulting
displacements.
A model using DePuy (DePuy Synthes, UK) Sigma knee components was then developed
using the same methods as the simplified model. First a static model was developed and used
to carry out mesh convergence and sensitivity studies. In a static model the acceleration is
assumed to be zero, where as in a dynamic model the load is time dependent and the effects of
inertia will be included in the calculation. A static model was used for the mesh convergence
as a static load was being applied. Mesh convergence was carried out to ensure that the mesh
87 Chapter 3. Computational Methods
size was fine enough to generate accurate results. Once this had been completed a dynamic
model was developed in order to run the gait cycle conditions.
The dynamic TKR model was then validated by comparing the output displacements
and contact positions to the independent experimental data. The kinematic comparison was
carried out by finding the correlation between the experimental and computational values of
the AP, TR and AA displacements at each point in the gait cycle. The contact areas were also
compared between the two methods in order to determine the validity of the measurements
by looking at values of the total contact area and the contact position.
The springs within the computational model were also varied in order to determine whether
the computational model would predict the same effect on the output kinematics due to
changes in the soft tissues as under experimental studies. This validation of the springs
within the computational model will be shown in Chapter 4. The validation under mechanical
alignment conditions will be detailed in Chapter 5 and in Chapters 6 and 7 under different
alignment conditions.
Once the model was validated it was used to run parametric testing to determine the effect
of different alignment and soft tissue conditions on the kinematics and contact pressures.
This parametric testing of the model enabled the understanding of smaller changes in the
component alignment than those studied experimentally. The computational model could
also provide a more accurate measure of the contact area and pressure than the experimental
methods and this could be found for each step in the gait cycle. As increased contact area have
been shown to result in higher surface wear rates this understanding of contact area during
the gait cycle may be an important factor in the understanding of causes of early failure [6].
3.3 Cylinder on Plate Model
Before starting to develop a model using the femoral and tibial components a simplified
cylinder on plate model was developed using ABAQUS (Figure 3.2).
Figure 3.2: Cylinder on plate model in ABAQUS
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It was developed to resemble a total knee replacement with respect to the geometry and
material properties. The cylinder was modelled as a rigid body [46] and the plate was modelled
as UHMWPE (E=400MPa, v=0.46) [23, 72, 121, 207]. The plate was 70mm square with a
thickness of 10mm and the cylinder had a diameter and length of 63.5mm. These geometries
were chosen to replicate the geometries of the knee components.
3.3.1 Boundary Conditions
The plate was fixed on its base so that it could not move in any direction. This boundary
condition was only applied for the mesh convergence analysis, where there was no desired
motion of the plate. For the spring verification the boundary conditions were edited in order
to allow motion in the desired direction. For example when verifying the spring in the AP
direction the plate was allowed to move in only that plane.
A vertical load of 2.52kN was applied to the top surface of the cylinder and the cylinder
was constrained to only move in the direction of this load; normal to the surface of the plate.
The interaction property between the two surfaces was defined as frictionless.
3.3.2 Element Type
The elements in both of the parts were linear, 3D stress, hex elements (C3D8R). As the
model was used for stress analysis a 3D stress element was chosen. A linear element has
nodes on each of its corners, while a quadratic element had corner and mid-side nodes. For
the simplified cylinder on plate model the linear elements were chosen as they often result in
an accurate solution in a shorter time [176]. The hex shape was chosen as it created a good
mesh on both the cylinder and plate parts.
3.3.3 Hertzian Prediction
Hertzian contact is used for non-adhesive contact between two bodies in order to determine
the resulting pressure. It assumes there is no friction, that the strains are within the elastic
limit of the materials, that the surfaces are continuous and non-conforming and that each
body can be considered an elastic half-space. This provides a simple equation that can be
used to calculate the resulting pressure when a cylinder and plate are in contact based on the
applied load, the material properties of each part and their geometries.
The Hertzian prediction was calculated using the applied force (F), the length of the
cylinder (l), the diameter of the cylinder (d), the Poisson’s ratio (ν) and Youngs modulus (E)
of the materials. This gives the contact half width, b (Equation 3.1), and then the maximum
contact stress, pmax (Equation 3.2). Where the subscript 1 denotes the cylinder and 2 the
plate.
b =
√√√√2Fd
pil
[
(1 − ν21)
E1
+
(1 − ν22)
E2
]
(3.1)
89 Chapter 3. Computational Methods
pmax =
2F
pibl
= 14.2MPa (3.2)
3.3.4 Mesh Convergence
In order to generate accurate results using a computational model the mesh used on each
of the parts must be fine enough for the measurements or loads used. However the finer a
mesh is, and the more nodes there are in the model, the longer the model will take to run.
Therefore a mesh convergence study was carried out where the total number of elements in
the model (sum of the cylinder and plate elements) was plotted against the peak principal
stress in the direction of the applied load (Figure 3.3). This was to determine the number of
elements needed in order to generate accurate results once convergence on the peak contact
stress had taken place.
The element size on the femoral and tibial components was kept at a ratio of 1:1. A
previous study found that when two parts were in contact the calculated contact area on each
part were closer when the meshing ratio was the same, e.g. 1:1 or 2:2 [106]. Therefore a ratio
of 1:1 was chosen for this study in order to reduce the sensitivity of the contact area due to
the mesh.
For the given applied load, geometry and material conditions the Hertzian prediction for
the contact stress was 14.2MPa, this was close to the converged value using the ABAQUS
model of 14.1MPa. The mesh convergence study showed that 535,392 elements in the model
were sufficient and were used for any further studies with this model. Any further increase in
the number of elements changed the predicted maximum contact stress by less than 5%.
Figure 3.3: Mesh convergence carried out on cylinder on plate ABAQUS model showing the
principal stress against the total number of elements in the model. Mesh convergence was
taken as 535,392 elements
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3.3.5 Sensitivity Study
A sensitivity study was carried out to investigate how well the ABAQUS model matched the
Hertzian solution under different material properties. This was to understand the limitations
of the model under a range of material properties.
The model was run with Youngs modulus values of 200, 300, 400 and 500 MPa and
Poisson’s ratio values of 0.46 and 0.3 for the plate, while the cylinder was kept as a rigid body
(Figure 3.4). The predicted maximum contact stresses from the ABAQUS model were within
±5% of the Hertzian predictions.
(a) (b)
Figure 3.4: Sensitivity study carried out on the cylinder on plate ABAQUS model showing
the peak principal stress under different Youngs Modulus and Poisson’s ratio values of 0.46
(a) and 0.3 (b)
3.3.6 Development of the Spring Model
In order to replicate the virtual springs within the simulator linear springs were added to the
the model using connectors. Two connectors were attached to the plate in the model in order
to replicate the AP and TR springs. The plate had a reference point at it’s centre which both
connectors were attached to. The other ends of each connector were attached to external
reference points (RP-2 and RP-3 in Figure 3.5). For the AP spring a basic translational
connection was used and for the TR spring a rotational connection. These allowed non-linear
spring profiles to be input for the response of each spring.
In order to verify that the springs were responding as expected a load was applied in the
direction of the spring and the resulting displacement was measured. This was then compared
to the expected displacement, based on the stiffness of the spring. The equation used is shown
by Equation 3.3 where x is the displacement, F is the force and k is the stiffness of the spring.
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Figure 3.5: The cylinder on plate model with the AP and TR springs attached between
reference points at the centre of the plate (RP) and reference points external to the plate
(RP-2 and RP-3)
x =
F
k
(3.3)
The connectors used in the model were found to respond to the loading as expected and
were good representations of the virtual springs within the simulator.
3.4 Static Knee Model
The cylinder on plate model had been used in order to validate the contact definitions, in-
teraction properties and the springs. Once this had been carried out a model was generated
using the knee components with the same properties as the cylinder on plate model.
A static model using DePuy Sigma femoral and tibial knee components was developed
first in order to carry out mesh convergence. A static model was used as a static load was
applied for the mesh convergence study. Therefore the effects of inertia and acceleration were
negligible.
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3.4.1 Material Properties
Size 3 parts were generated with the same geometry as the DePuy Sigma CR knee femoral
and tibial bearing insert knee components. The cobalt chrome of the femoral component was
defined using the material properties of density=8.8g/cm³, E=193000 MPa and ν=0.29. The
UHMWPE of the tibial insert was defined using the following properties; density=0.934g/cm³,
E=553 MPa and ν=0.32 [8]. The Young’s Modulus value was higher for this model than the
cylinder on plate model as moderately crosslinked tibial inserts were used for experimental
simulation, which had a higher Young’s modulus value. Both were defined as being isotropic
and homogeneous materials. The femoral part had a rigid body constraint applied as the
cobalt chrome was much harder than the UHMWPE therefore any deformation would occur
in the tibial insert and the femoral can be assumed rigid in comparison [46].
3.4.2 Alignment
The femoral component was aligned with the tibial component so that its superior surface,
where the distal femoral cut would be made (red highlighted surface in Figure 3.6), was
parallel with the distal surface of the tibial insert. The components were also aligned so that
the femoral condyles matched with the dwell points of the tibial insert.
Figure 3.6: Alignment of the static ABAQUS model using the femoral and tibial components.
The red, highlighted surface is the superior femoral surface which was alignment parallel to
the posterior surface of the tibial insert
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3.4.3 Boundary Conditions
The boundary conditions were defined in order to replicate the conditions within the simulator.
The femoral component was fixed so that it could only move in an inferior-superior direction,
in the same plane as the applied load. The tibial insert was fixed in all planes as this was a
static loading model.
3.4.4 Element Type
The element types used on both the parts were 10 node quadratic tetrahedrons (C3D10). As
with the cylinder on plate model the 3D stress elements were used. The tetrahedral elements
were chosen as they were able to mesh well on both the femoral and tibial parts. Quadratic
elements were chosen for this model as they tend to yield better results with a 3D tetrahedral
element as it is a degenerate element [176]. A degenerate element is one which has at least
one triangular face but has a quadrilateral characteristic face shape [177].
3.4.5 Mesh Convergence
To carry out the mesh convergence two steps were used; over the first step a displacement
was applied to the femoral component in order to generate contact between the two parts.
This was a static, general step with a time period of 1. The femoral component had a fixed
vertical displacement to generate contact and all other boundary conditions were fixed. The
displacement value was chosen so that the peak principal stress value in the proximal-distal
direction would be less than 1MPa. The displacement was linearly applied over the first third
of the step and maintained for the rest of the step, this was to allow some relaxation of the
material once contact had been made.
The second step was a static, general step with a time period of 1. The femoral component
was fixed in all directions apart from translation in the proximal-distal direction. A distal
load of 220N was applied to the reference point of the femoral to generate a peak stress of
around 14MPa as this was similar to the stresses found in a TKR in a previous study [8]. The
load was applied in the same way as the displacement; it was linearly applied over the first
0.3 of the step and maintained until the end of the step. The resulting peak principal stress
was then found in the direction of the load.
The mesh size was changed by varying the seed size on both the femoral and tibial com-
ponents. The seed size is the approximate element size on each edge of the selected part.
The seed size was kept the same for both parts and the total number of elements with a ratio
of 1:1. The total number of elements in the model was plotted against the peak stress to
determine convergence (Figure 3.7).
The number of elements used in all further testing was 749,034 (a seed size of 0.81 on
both components) as this provided a balance between the time taken to run the model and
the point of convergence.
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Figure 3.7: Mesh convergence carried out on the static knee component model showing the
peak principal stress against the total number of elements in the model with the chosen mesh
size circled in red
3.4.6 Sensitivity Study
A sensitivity study was then carried out on the model as with the cylinder on plate model;
with Youngs Modulus values of 473, 573, 673 and 773MPa and Poisson’s ratio values of 0.3 and
0.46 (Figure 3.8). The knee component model was more sensitive to changes in the material
properties than the cylinder on plate model.
Figure 3.8: Sensitivity testing carried out on the static knee component model with varying
Young’s Modulus and Poisson’s ratio values against the peak principal stress
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3.5 Dynamic Knee Model
A dynamic, implicit model was then created using the same components and material prop-
erties as defined in the static model (Figure 3.9). An explicit dynamic model accounts for the
propagation of dynamic effects in the material e.g. a stress wave. However an explicit model
requires a very small step time, in the order of a microsecond, to be able to do this. Where as
in an implicit dynamic model the propagation of dynamic effects are controlled by the inertia
of the parts rather than the speed of sound. It therefore assumes that the speed of sound is
infinite. As the model will not be simulating impact conditions where the propagations of the
stresses are moving from one end of the part to another, and in order to generate a model
with a shorter run time an implicit model was used.
Figure 3.9: Dynamic, implicit ABAQUS model using the femoral and tibial bearing insert
components and with the spring connections shown in dotted lines and reference points shown
with a cross
3.5.1 Element Type
The elements used for both the femoral and tibial components were 10 node modified quadratic
tetrahedron (C3D10M). This is the same element type used in the static model but with
hourglass control applied. Hourglass modes are non-physical modes of deformation that can
occur in under integrated elements. Under integrated elements are solid elements with only
one integration point. Hourglass controls apply internal forces to each element to resist the
deformation of the element.
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3.5.2 Step Definitions
A total of 128 steps were defined; the first step had a period of 1s and applied a gradually
increasing AF load from 0-167.6N and a gradually increasing TR torque from 0-0.01Nm over
the step, this resulted in the forces being at the values for the start of the gait cycle. The
next 127 steps replicated the steps in the simulator gait cycle; the 127 steps took a total time
of 1s and used the same input profiles as the experimental simulation (Figure 2.3 in Section
2.3.1).
3.5.3 Boundary Conditions
The femoral component had a reference point in the same position as the centre of rotation in
the experimental set up according to the ISO standard; the central axis of each implant was
offset from the aligned axes of applied load and tibial rotation from the centre of the joint by
7% of its width [186] and a rigid body constraint was applied to the femoral component as
before (Figure 3.10).
(a) Superior View (b) Posterior View
Figure 3.10: The positions of the tibial (RP-TibNew), femoral (RP) and spring (RP-1 and
RP-2) reference points on the Dynamic knee model
Boundary conditions were applied to the femoral reference point and it was free to move
in the superior-inferior direction with the AF profile applied in this direction. The FE dis-
placement was applied to the centre of rotation of the femoral component using boundary
conditions. The femoral component was not free to move in any of the other axes.
The reference point of the tibial was defined as directly below the reference point for the
femoral component on the superior surface of the tibial insert so that it would be in line with
the AA axis, this was the same position the centre of rotation for the tibial fixture would
occur in the simulator (RP-TibNew in Figure 3.10). A coupling constraint was defined that
coupled the reference point of the tibial to the posterior base of the tibial; the AP force and
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TR torque were applied to the reference point. Boundary conditions were defined on the tibial
reference point so that it was able to move in the AP, TR and AA directions but was fixed in
all others, as in the simulator.
A friction coefficient of 0.04 was assumed between the femoral and tibial components
[81, 204] with a penalty contact formulation.
3.5.4 Spring Definitions
Connector sections were defined to replicate the effect of the virtual springs within the simu-
lator; one to restrain the AP displacement and one to restrain the TR displacement. These
were applied to the tibial reference point and to external reference points (RP-1 and RP-2 in
Figure 3.9) in order to generate springs in the correct axes as in the cylinder on plate model.
For the AP direction a Cartesian connector was defined with a non-linear elastic profile;
the spring profile values from the virtual springs tested experimentally were applied (Figure
3.11). The TR spring was defined as rotation connection with a non-linear elastic profile; as
for the AP spring this profile matched the ones tested experimentally.
(a) AP Spring (b) TR Spring
Figure 3.11: The ISO standard AP and TR spring profiles for a CR TKR [186]
3.6 Comparison Between ABAQUS 6.14 and ABAQUS 2017
All of the models used within this study were developed in ABAQUS 6.14. However the
models were then converted into ABAQUS 2017 in order to be run using one of the High
Powered Computers (HPCs) within the university. This was so that a larger number of test
conditions could be run in the time frame.
All of the results detailed in Chapter 4, where the effect of different spring conditions
on the output kinematics were developed and run in ABAQUS 6.14. However all the other
computational results, in Chapters 5-7, were models that were developed in ABAQUS 6.14
but were then converted and run in ABAQUS 2017 on one of the HPCs.
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A model that was developed in ABAQUS 6.14 was run using both versions of ABAQUS
in order to verify that the output kinematics were the same. The output AP, TR and AA
kinematics were found to be exactly the same using both versions of the software (Figure
3.12). Therefore there should not be any difference in the kinematics in Chapter 4 compared
to the other chapters.
(a) AP Displacement (b) TR Displacement
(c) AA Displacement
Figure 3.12: Correlation in the AP (a), TR (b) and AA (c) displacements between ABAQUS
6.14 and ABAQUS 2017
3.7 Limitations
The computational model allows for further alignment conditions to be studied than those
studied experimentally. The model will be validated using the experimental results, however
there are some differences between the computational and experimental simulations.
For example the masses and internal friction that exist within the experimental simulator
have not been included in the computational model. As the weight of the tibial fixture
was found to influence the output kinematics in the experimental simulation the lack of
mass and friction in the computational model will likely result in different output kinematics.
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However the weights and internal friction within the simulator are one of the limitations of
the experimental simulation and therefore were not included within the computational model.
But this difference between the simulations may make the validation of the computational
model using the experimental data more difficult.
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Chapter 4
Experimental and Computational
Simulation of Soft Tissue
Constraints
4.1 Introduction
Different patient factors have been shown to affect the wear of TKRs; patient weight [30],
the activities they perform [97], soft tissues and muscles [140] and interactions between these
factors, such as soft tissue and muscle mechanics producing different kinematics for specific
activities. The majority of patient factors are outside the control of the operating surgeon.
The aim of a TKR is to provide a stable knee which will function optimally and last a long
time. Stability of the replaced knee is in part dependent upon muscle strength, ligament
integrity and geometry of the polyethylene insert. A more congruent insert will result in a
more stable knee. Increasing ligament laxity will introduce instability.
Simulating a wider range of patient conditions may replicate the wider range of outcomes
that occur in vivo and increase our understanding of the factors that lead to early or mid-term
failure, or higher rates of failure in younger patients.
Under force control simulation springs are used to replicate the effect of all the soft tissues
within the natural knee, including the ACL and PCL. The ISO standard [186] AP and TR
springs have a gap around the zero position to replicate the soft tissues within the knee as
they are not linear elastic [73, 113]. The size of this spring gap reflects the soft tissue laxity
within the knee.
As the tension of the tissues within the knee vary between patients the spring gap and
stiffness values are difficult to choose. Ligament balance during surgery is a subjective process
so can lead to unbalanced knees [17, 86]. Ligament balancing has been found to be an
important factor in wear, range of motion, and pain [17]. The ligament balance affects the
kinematics and mechanics of the knee and the resulting variation in performance and wear in
individual patients.
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Just as soft tissue tension and laxity influences joint kinematics in the natural knee, simi-
larly soft tissue constraints, spring stiffness and spring gap will influence resultant kinematics
in the force control knee simulator. The aim of this study was to experimentally and com-
putationally investigate the effects of variation in the soft tissue constraints on the output
kinematics of a TKR with different tibial insert geometries. A systematic investigation was
carried out to address the following research questions about the effect on the output kine-
matics:
1. What effect do the AP force, TR torque and FE displacement input profiles have on the
output kinematics?
2. What difference is there between a spring profile based on clinical data compared to the
ISO standard linear profile?
3. What effect does the tibial insert geometry have on the kinematics?
4. What effect does the laxity of the knee, represented by the simulator AP and TR springs
gaps, have on the output kinematics?
5. What effect does the ligament stiffness, represented by the simulator AP and TR spring
tensions, have on the output kinematics?
The effect of the soft tissue constraints on the output AP and TR displacements will then be
investigated using the computational model. Similar values of the AP and TR spring gaps
and the AP and TR spring tensions will be used with the computational model. The output
kinematics will then be compared between the experimental and computational results in
order to validate the simulation of the soft tissues in the computational model.
4.2 Materials and Methods
All the investigations were carried out using DePuy Sigma fixed bearing TKR components
(DePuy Synthes, UK). Three different tibial insert designs were tested; curved (CVD), par-
tially lipped (PLI), and custom flat inserts (Figure 4.1). The CVD inserts are used most
frequently clinically so were used as standard for all tests. Both the flat and PLI inserts were
tested under standard ISO [186] input profiles (Figure 4.2) and test conditions in order to
investigate the effect of tibial insert geometry (research question 3). The PLI inserts were
also used for the spring gap and tension tests along with the CVD insert (research questions
4 and 5). The methods used for testing and analysis were those for kinematic testing outlined
in Section 2.3.6.
For all studies a one way ANOVA with significance taken at p<0.05 using IBM SPSS
Statistics 22 was used. A Welch’s test with significance taken at p<0.05 was carried out to
determine whether the variances between groups were homoscedastic. If this was determined
to be true a post hoc Tukey’s test was used in order to confirm where the differences be-
tween the groups occurred, with significance taken at p<0.05, as this assumes equal variance.
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Figure 4.1: Conformity of the three tibial insert designs investigated; curved (CVD), lipped
(PLI) and flat
(a) AP Force (b) TR Torque
Figure 4.2: Input AP force and TR torque profiles [186]
However if the variances were determined to be too different a post hoc Games-Howell test
was carried out, with significance taken at p<0.05, to determine the differences between the
groups.
4.2.1 What effect do the AP force, TR torque and FE displacement input
profiles have on the output kinematics?
In order to find the effect of the input profiles on the output kinematics different combinations
of the FE, TR torque and AP force were applied (Table 4.1). The AF profile was always
applied and the ISO standard CR [186] springs were used along with the CVD insert. This
showed the effect of the absence of each profile on the output kinematics.
4.2.2 What difference is there between a spring profile based on clinical
data compared to the ISO standard linear profile?
To investigate the difference between the ISO spring profiles and clinical data for a knee with
no ACL and a knee with no ACL or PCL virtual springs were generated using clinical data
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Table 4.1: Combinations of input profiles applied for research question 1
Test AF FE AP TR
1 ! ! ! !
2 ! ! % %
3 ! % ! %
4 ! % % !
5 ! ! ! %
6 ! ! % !
7 ! % ! !
(Figure 4.3).
For the AP spring profile the clinical data used was for a knee with a resected ACL and an
intact PCL and with a resected ACL and PCL for knee flexion at 0° [73]. This study was used
for the AP spring profile as it provided displacement values for knees with both a resected
ACL and a resected ACL and PCL. This allowed comparison between the ISO CR and CS
spring profiles. The ISO CS spring profiles are intended to represent a knee where both the
ACL and PCL have been removed. For all the spring profiles studied an AP spring gap of
±2.5mm was assumed based on the ISO standard [186].
The clinical data used for the TR position was for a knee with no ACL [113]. This study
was used for the TR position data as it provided a response profile across a range of applied
TR torques. This clinical TR spring profile was used along with both of the clinical AP spring
profiles.
All four spring conditions were tested on the simulator and their output kinematics com-
pared (Research question 2 in Table 4.2).
(a) AP Springs (b) TR Springs
Figure 4.3: The four spring conditions studied; linear and non-linear AP and TR spring
profiles
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4.2.3 What effect does the tibial insert geometry have on the kinematics?
To compare the kinematic outputs with different tibial insert designs each of the three inserts
were tested with the ISO standard [186] CR springs (Research question 3 in Table 4.2).
4.2.4 What effect does the laxity of the knee, represented by the simulator
AP and TR spring gaps, have on the output kinematics?
To determine the effect of the spring gaps on the output kinematics, the gap values were
varied; for the AP spring the gap was varied from 0-9mm in 1mm increments, with the ISO
spring gap of 2.5mm being used instead of 2mm. The TR spring gap was varied from 0-11°
at 1° intervals (Research question 4 in Table 4.2). Only one spring was varied at a time with
the other kept at the ISO standard [186] value (AP spring gap 2.5mm and TR spring gap
6°). The ISO CR spring tensions were used for both the AP and TR springs. The different
tests were compared to the output kinematics using the ISO standard [186] spring gaps. This
was carried out on both the CVD and PLI inserts to investigate the relationship between the
spring gaps and the tibial inserts.
4.2.5 What effect does the ligament stiffness, represented by the simulator
AP and TR spring tensions, have on the output kinematics?
To investigate the effect of the spring tensions on the output kinematics the AP spring tension
was tested at 0, 20, 44, 60, 80, 100, 150, 200 and 250N/mm (Research question 5 in Table
4.2). The TR spring was tested at 0, 0.1, 0.36, 0.5, 0.8 and 1Nm/°. Only one was changed at
a time with the other kept at the ISO standard value (44N/mm and 0.36Nm/°). The output
kinematics from the different conditions were compared to the output kinematics using the
ISO standard [186] spring tensions. This study was carried out using the CVD and PLI inserts
to find the relationship between the spring tensions and the insert design.
4.2.6 Validation of the computational simulation
The computational model that was detailed in Chapter 3 will be validated using the ex-
perimental results. The same soft tissue conditions as those studied experimentally will be
simulated computationally and the output kinematics compared.
The soft tissue conditions that will be compared will cover the range of the AP and TR
spring gaps and spring tensions as those studied experimentally. The correlation between the
experimental and computational output kinematics will be compared. A correlation coefficient
of 0.7 or higher will be deemed as a good correlation.
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Table 4.2: Spring tensions used for research questions 2-5
Research
Insert
Posterior AP Spring TR Spring TR Spring
Question AP Spring Gap (mm) Tension Gap (°)
Tension (N) (Nm/°)
2 CVD
44 2.5 0.36 6
Non-linear 0 Non-linear 0
3
CVD, PLI
44 2.5 0.36 6
& Flat
4 CVD & PLI
44
9
0.36 6
8
7
6
5
4
3
2.5
1
0
44 2.5 0.36
11
10
9
8
7
6
5
4
3
2
1
0
5 CVD & PLI
250
2.5 0.36 6
200
150
100
80
60
44
20
0
44 2.5
1
6
0.8
0.5
0.36
0.1
0
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4.3 Experimental Results
4.3.1 What effect do the AP force, TR torque and FE displacement input
profiles have on the output kinematics?
In order to investigate the effect of the FE, AP force and TR torque input profiles on the
output kinematics, different combinations of the input profiles were applied using the CVD
insert. This showed the effect of the absence of each profile.
With all profiles applied the AP displacement had three peaks during the gait cycle (Figure
4.4). The first two peaks occurred at the same points in the gait cycle as the peaks in the AP
force profile (Figure 4.2).
The AP displacement was determined to be influenced by the AP force and the FE position.
Without the AP force applied the first peak at 7% gait was not present. Instead there was a
more gradual increase leading to a more rounded peak at 20% gait of 3mm. It also resulted in
a significantly lower peak at 60% gait of 4.5mm rather than 6mm (p<0.01). The displacement
at the end of the cycle was also higher with the third peak at 3.5mm. Without the FE input
profile applied the AP displacement was significantly higher at the start of the cycle (p<0.01).
The AP position then stayed relatively constant until 60% gait where it followed the same
shape as with all the input profiles applied.
(a) AP Displacement (b) TR Rotation
Figure 4.4: Effect of input profiles on the AP displacement (a) and TR rotation (b) with the
95% confidence interval shown by dotted lines
With all profiles applied the TR position had two peaks during the cycle (blue line in
Figure 4.4 (b)). At 30% and 60% gait the contact was at the edge of the tibial component,
which restricted further rotation and caused the two peaks in the TR output profile.
As anticipated the TR torque was determined to have the greatest effect on the TR
position. With no TR torque applied the TR position remained between 0-4° throughout the
cycle and was always within the TR spring gap of 6° (black line in Figure 4.4 (b)). There was
a significant difference between the minima at 45% gait (p<0.01) and the peak at 60% gait
with all profiles applied and with no TR torque applied (p<0.01). With no FE displacement
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applied there was a reduction in the peak TR position; from 8° to 7° (’AF, FE, AP, TR’
shown in blue compared to ’AF, AP, TR’ shown in red in Figure 4.4). This same difference
also occurred in the AP displacement when the FE was not applied (red line in Figure 4.4
(a)), without the FE motion there may be higher friction for the AP and TR displacements
as the joint was more stationary resulting in lower displacement.For the TR position there
was a large 95% CI during the last 30% of the cycle with a maximum of 6°.
The AP displacement was only minimally effected by the TR torque and the TR position
was only minimally affected by the AP force so these were not shown in Figure 4.4 for clarity.
4.3.2 What difference is there between a spring profile based on clinical
data compared to the ISO standard linear profiles?
The ISO standard springs use a linear spring with a gap around the zero position. Clinical
data for the soft tissues in the knee, particularly for the TR, show a different profile [73, 113].
In order to compare the clinical data with the ISO profiles, springs were generated using
clinical data (Figure 4.3). Two clinical data profiles were made; one with a resected ACL
and intact PCL and one with a resected ACL and PCL. For the AP spring profile the clinical
data used was for a knee with a resected ACL and an intact PCL and with a resected ACL
and PCL for knee flexion at 0° [73]. For all the spring profiles studied an AP spring gap of
±2.5mm was assumed based on the ISO standard [186]. The clinical data used for the TR
position was for a knee with no ACL [113]. This study was used for the TR position data
as it provided a response profile across a range of applied TR torques. These were then run
in the simulator and the output kinematics compared with the ISO springs for a CR and CS
implant.
For each of the four spring conditions there were similar AP displacements for the first
50% of the cycle (Figure 4.5).
(a) AP Displacement (b) TR Rotation
Figure 4.5: Output AP displacement (a) and TR rotation (b) profiles with the ISO standard
springs and springs based on clinical data
There was no significant difference between the ISO CS and the clinical data with no PCL.
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But there was a significant difference between the peak AP values in the ISO CR and the
clinical data with a PCL (p=0.001), however the difference was only 0.4mm.
For the TR position the output kinematics for each test were also similar. The peak TR
values had no significant differences between any of the spring conditions (Figure 4.5). For
the TR position there is more variation between the stations on the simulator than for the
AP displacement. Therefore differences in the kinematics due to the different spring profiles
were less clear.
4.3.3 What effect does the tibial insert geometry have on the kinematics?
Figure 4.6 shows the effect of tibial geometry on the output AP and TR displacements. Three
insert designs were tested; CVD, PLI and flat. Each of the tibial insert designs resulted in a
similar AP profile shape with peaks at 7% and 60% gait.
(a) AP Displacement (b) TR Rotation
Figure 4.6: Effect of insert design on AP displacement (a) and TR rotation (b) with the 95%
confidence intervals shown by dotted lines
The lower conformity inserts, particularly the flat insert, resulted in more anterior dis-
placement. However there was also much more variation with the flat insert, resulting in a
95% CI of 9mm at 60% gait. The PLI and flat inserts had higher peaks at 7% gait compared
to the CVD insert. At this point there was a significant difference between all three inserts
(p<0.01). During the rest of the gait cycle the flat insert resulted in significantly lower AP
displacements compared to the CVD insert (p=0.019).
The insert design had a large effect on the TR position profile shape and amplitude
however the rotation remained in the internal direction for all designs (Figure 4.6). The lower
the conformity of the insert the higher the peak TR position and the earlier in the cycle this
peak occurred. For the first half of the cycle there was a significant difference between all
three inserts (p<0.01). The flat insert had a peak of 23° at 50% gait which followed the profile
shape of the TR torque profile (Figure 4.2) more closely than the PLI or CVD inserts, as the
peak was larger and occurred earlier in the cycle.
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At this point there was a significant difference between the flat insert and the CVD and
PLI inserts (p<0.01).
At the peaks in the TR position at 30% and 60% gait cycle the femoral was up to the
edge of the tibial insert. The curve of the insert at this point reduced any further rotation
or displacement. For the CVD and PLI inserts the peak AP displacement stayed the same
however the TR position increased from 8° to 11° from the CVD to the PLI insert.
4.3.4 What effect does the laxity of the knee, represented by the simulator
AP and TR spring gaps, have on the output kinematics?
The AP and TR spring gaps were varied to find the effect on the output kinematics. The AP
gap was tested from 0-9mm; the higher the AP gap the higher the AP displacement (Figure
4.7 (a)). This occurred throughout the cycle but particularly at the peak at 60% gait. For
the CVD and PLI inserts there was a linear relationship between the peak AP displacement
and the AP spring gap. The spring gap change had more of an effect on the PLI insert than
the CVD insert; the gradient of the trend line for the PLI insert was significantly higher than
for the CVD insert (p=0.02).
The TR spring gap was tested at 0-11° with 1° intervals. As with the AP spring the higher
the TR gap the higher the TR rotation throughout the cycle (Figure 4.7 (b)). The relationship
of TR spring gap to TR rotation had a similar linear trend on both the CVD and PLI inserts
with the displacement increasing as the spring gaps increased; the gap increase from 0° to 11°
resulted in an increase in the peak TR position of 4.5° and 4.7° for the CVD and PLI inserts
respectively. The PLI insert had an offset of around 2° higher TR position throughout the
test compared to the CVD insert. There was no significant difference between the gradients
of the trend lines but the y-intercept was significantly higher on the PLI insert (p=0.03).
Changing the spring gaps did not affect the shape of the output profiles; it affected their
magnitude and peak values. After these tests the spring gaps were kept at the ISO values of
2.5mm and 6°.
4.3.5 What effect does the ligament stiffness, represented by the simulator
AP and TR spring tensions have on the output kinematics?
The AP spring tension was tested at 0, 20, 44, 60, 80, 100, 150, 200 and 250N/mm. This
affected the magnitude of the AP displacement throughout the cycle but particularly from
50% gait onwards. The AP spring tensions had a minimal effect on the TR position and the
only differences were present in the second half of the cycle when the axial force was at its
lowest (Figure 4.8). The lower the AP spring tension the sharper and higher the decrease in
TR position from the peak at 60%.
The relationship between the peak AP displacement and the AP spring tension is shown
in Figure 4.9 for the CVD and PLI inserts.
There was a similar trend with both insert designs; as the spring tension increased the
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(a) AP Displacement (b) TR Rotation
Figure 4.7: Relationship between the peak AP displacement (a) and TR rotation (b) and the
AP and TR spring gaps respectively for the CVD and PLI inserts
(a) AP Displacement (b) TR Rotation
Figure 4.8: The AP displacement and TR position with different AP spring tensions applied
with the CVD insert
peak displacement decreased plateauing after 150N/mm at around 4mm. Increasing the spring
tension also reduced the minimum at 75% gait. The minimum AP displacement at 75% gait
followed a similar trend to the peak displacement; plateauing after 150N/mm. Varying the
AP spring tension had a minimal effect on the TR position; the only difference occurred at
60-80% gait where a higher AP spring tension resulted in a more gradual decrease in the TR
position from the peak at 60% gait.
The TR spring tensions were tested at 0, 0.1, 0.36, 0.5, 0.8 and 1 Nm/°. As with the
AP springs this did not change the profile shape, however they changed the amplitude of the
output profile. The TR spring tensions did not have an effect on the AP displacement (Figure
4.10).
The higher the TR spring tension the lower the TR position throughout the cycle. On the
PLI insert the different spring tensions had more of an effect on the peak TR position; there
was a larger range of 4.9° compared to 1.6° for the CVD insert from 0N/° to 1Nm/° (Figure
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Figure 4.9: Relationship between the AP displacement and the AP spring tension for the
CVD and PLI inserts
(a) AP Displacement (b) TR Rotation
Figure 4.10: The AP and TR displacements with different TR spring tensions with the CVD
insert
4.11).
4.4 Validation of the Computational Simulation
The aim of this section was to validate the computational model described in Chapter 3 under
a range of soft tissue conditions. To do this a study was carried out into the output AP and
TR displacements under different spring gaps and tensions. The computational predictions
for the AP and TR displacements were compared to those determined experimentally.
The AP spring gap was studied at values of 0mm, 2.5mm, 5mm, 7mm and 9mm and the
TR spring gap at values of 0°, 2°, 4°, 6°, 8° and 10°. These were values covering a similar
range that was tested experimentally.
The AP spring tension was varied to values of 0N/mm, 44N/mm, 80N/mm, 150N/mm
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Figure 4.11: Relationship between the peak TR position and the TR spring tension for CVD
and PLI inserts
and 250N/mm while the TR spring tension was studied under values of 0Nm/°, 0.1Nm/°,
0.36Nm/°, 0.5Nm/°, 0.8Nm/° and 1Nm/°.
As with the experimental study only one spring was changed at a time with the other kept
at the ISO standard CR values for the spring gap and spring tension [186].
4.4.1 AP Spring Gap
The computational model was run with the AP spring gap of 0mm, 2.5mm, 5mm, 7mm
and 9mm and using the ISO standard CR AP spring tensions of 44N/mm posteriorly and
9.3N/mm anteriorly. The peak AP displacements under these AP springs were determined
and compared to those determined using the experimental methods described previously in
this chapter (Figure 4.12).
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Figure 4.12: The peak AP displacement under a range of AP spring gaps using both experi-
mental (mean ± 95%CI) and computational methods
Both the experimental and computational methods resulted in a linear relationship between
the peak AP displacement and the spring gap. The computational model however resulted in
lower peak AP displacement in the studies with a spring gap below 9mm.
For all of the AP spring gaps studied there was a good correlation between the two data
sets (Figure 4.13). For all of the AP spring gaps the linear fit had a gradient less than 1;
this showed that the computational model resulted in lower AP displacement values than the
experimental model. With the 0mm and 2.5mm springs the linear fit passed close to the
origin, this indicated that there was no offset between the two data sets. However for the
other spring gap values there was an offset ranging between -0.3 and -1.5mm.
The higher spring gaps resulted in worse correlation between the two data sets. This
may be due to the reduction in restraint resulting in a more unstable condition, differences
between the computational and experimental methods may therefore have more of an effect
on the output displacements.
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(a) 0mm gradient=0.56 (b) 2.5mm gradient=0.7
(c) 5mm gradient=0.70 (d) 7mm gradient=0.90
(e) 9mm gradient=0.82
Figure 4.13: The correlation of the AP displacement under a range of AP spring gaps between
the computational and experimental methods
4.4.2 TR Spring Gap
The computational model was run with TR spring gap values of 0°, 2°, 4°, 6°, 8° and 10°,
similar range of values studied experimentally. The peak TR rotation for each spring tested
was determined and compared to the corresponding experimental result (Figure 4.14). The
computational data resulted in a linear fit with a higher gradient than the experimental data.
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However the peak TR rotations from the computational results were within the 95% CI of
the experimental data (shown by the error bars) for all spring conditions tested.
Figure 4.14: The peak TR rotation under a range of TR spring gaps using both experimental
(mean ± 95%CI) and computational methods
For all of the TR spring gaps there was good correlation between the two data sets with
the gradients of the linear fits varying between 0.82 and 1.08 (Figure 4.15). As this was close
to 1 for all the spring gaps this showed that there was good agreement between the two data
sets.
As with the AP displacement the best correlation occurred in the first half of the gait
cycle. The most variation between the data sets occurred just after 60% gait; the increase in
the TR rotation up to the peak value occurred later in the cycle with the computational data
than the experimental data. This difference in the TR rotation profiles resulted in a worse
correlation between the data sets at high TR rotation values. This occurred with all of the
TR spring gap values studied.
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(a) 0deg gradient=0.79 (b) 2deg gradient=0.92
(c) 4deg gradient=0.88 (d) 6deg gradient=0.93
(e) 8deg gradient=1.00 (f) 10deg gradient=1.08
Figure 4.15: The correlation of the TR rotation under a range of TR spring gaps between the
computational and experimental methods
4.4.3 AP Spring Tension
The relationship between the peak AP displacement and the AP spring tension from both
the experimental results and the computational prediction was determined for a range of AP
spring tensions from 0N/mm to 250N/mm.
With an AP spring tension of 0N/mm the computational prediction resulted in the AP
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displacement increasing to the point where the only tibiofemoral contact was on the medial,
anterior tibial edge and the computational model could not be run for the whole cycle (Figure
4.16).
(a) Component Positions (b) Contact on Tibial Insert
Figure 4.16: Tibial and femoral component position after at the end of the computational
model with an AP spring tension of 0N/mm
The computational prediction resulted in peak AP displacements lower than those from the
experimental data (Figure 4.17). Both methods had a similar trend with the AP displacement
increasing as the AP spring tension decreased with a plateau forming from 150N/mm and
higher.
The AP and TR displacement profiles under a range of AP spring tensions using the
experimental and computational methods were determined (Figure 4.18). In the experimental
data the decrease in AP spring tension resulted in higher AP displacements from 50% gait
onwards. The higher AP spring tensions also resulted in lower TR rotations from around
50-90% gait.
However with the computational model the lower AP spring tensions resulted in an increase
in the AP displacement but only between 50-65% gait. In this section the AP displacement
was higher than the size of the AP spring gap and therefore the springs were being applied.
The lower AP spring tensions also resulted in lower TR rotations but between 50-65% gait
rather than later in the cycle as with the experimental testing, this again was where the AP
springs were being applied.
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Figure 4.17: The peak AP displacement under a range of AP spring tensions using both
experimental (mean ± 95%CI) and computational methods. Under a value of 0N/mm the
AP displacement increased until contact was on the anterior edge of the tibial insert and the
model could not finish running the gait cycle
(a) Experimental AP Displacement (b) Experimental TR Rotation
(c) Computational AP Displacement (d) Computational TR Rotation
Figure 4.18: The AP and TR displacement under a range of AP spring tensions using the
experimental and computational methods
119 Chapter 4. Soft Tissue Simulation
The computational model only resulted in differences between the profiles where the AP
spring tensions were being applied. The difference between this result and the experimental
data may be due to the variation that occurs in experimental testing resulting in differences
even when the springs were not applied. The differences may also be due to the computational
model not including the momentum from the previous step; at each step the model finds
equilibrium and therefore may have resulted in lower displacements and less variation between
the spring conditions.
The computational prediction also resulted in a sharper decrease in the TR rotation at 65%
gait, the TR rotation at this point decreased faster and to a lower point than the experimental
data. As with the AP displacement the TR rotation begins to be the same for all the AP
spring tensions as the AP displacement reached 2.5mm and therefore when the AP spring was
not applied.
With the 0N/mm AP spring there was a good correlation between the two data sets for
the first 60% of the gait cycle with a linear fit with a gradient of 1.1 and a high r squared value
(Figure 4.19). The values for 60-100% gait is not shown on the figure as the computational
prediction resulted in an increase in AP displacement causing the contact to occur on the
medial, anterior tibial edge and the model to stop running.
Under AP spring tensions of 20N/mm and 44N/mm there was a good correlation between
the experimental and computational data with r squared values of 0.87 and 0.82 and gradients
of 0.8 and 0.7. The gradients were below 1, therefore the computational prediction resulted
in lower AP displacement values than the experimental methods at higher AP displacements.
This was shown in the computational model having a lower peak AP displacement than the
experimental data. The end of the gait cycle was the section with the most difference between
the two data sets; the computational prediction resulted in higher AP displacements between
70% and 90% gait.
With higher AP spring tensions there was lower correlation between the two data sets.
Both the gradient of the linear fit and the r squared value decreased as the AP spring tension
increased. However for all three of the highest AP spring tensions there was good correlation
between the two methods between 0-60% gait (Figure 4.19), this correlation then decreased
during the end of the gait cycle.
For each of the three higher spring tensions the y intercept of the linear fit was below zero
with values of -0.84, -0.84 and -0.85 for 80N/mm, 150N/mm and 250N/mm respectively. This
showed that there was an offset between the computational and experimental methods from
0-60% of around 0.8mm with the experimental data having a higher AP displacement.
Around 65% gait onwards is the where the computational and experimental models be-
haved differently to each other in response to the different AP spring tensions, this resulted
in poor correlation. As explained previously this may be due to the differences in the AP and
TR displacement values and the size of the AP spring gap.
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(a) 0N/mm gradient=1.15 (b) 20N/mm gradient=0.8
(c) 44N/mm gradient=0.7 (d) 80N/mm gradient=0.87
(e) 150N/mm gradient =0.91 (f) 250N/mm gradient=0.94
Figure 4.19: The correlation of the AP displacement under a range of AP spring tensions
between the computational and experimental methods
4.4.4 TR Spring Tension
A range of TR spring tensions were tested computationally; 0Nm/°, 0.1Nm/°, 0.36Nm/°,
0.5Nm/°, 0.8Nm/° and 1Nm/°. The peak TR rotations under each of these spring tensions
were determined and compared to those determined by experimental methods (Figure 4.20).
For all the spring tensions tested apart from 0Nm/° the peak computational TR rotation
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Figure 4.20: The peak TR rotation under a range of TR spring tensions using both experi-
mental and computational methods
was within the 95% CI of the experimental data. However with the 0Nm/° TR springs the
computational model resulted in dislocation after around 60% of the gait cycle due to the high
external tibial rotation that resulted in the lateral femoral condyle rotating off the posterior
edge of the tibial insert (Figure 4.21).
(a) Component Position (b) Contact on Tibial Insert
Figure 4.21: Tibial and femoral component position at the point of dislocation in the compu-
tational model with a TR spring tension of 0Nm/deg
The model could not run in order to complete the gait cycle with the 0Nm/° springs.
Under experimental testing the change in TR spring tension had a minimal effect on the
output AP displacement, especially between 50-70% gait (Figure 4.22). Under the computa-
tional model there was no difference between the output AP displacements apart from the
peak AP displacement, this was the opposite to the experimental methods. The higher TR
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spring tensions resulted in higher peak AP displacements, however these differences were min-
imal. Overall there was good agreement between the AP displacements for the computational
and experimental methods.
The higher TR spring tensions resulted in lower TR rotations throughout the gait cycle
when tested experimentally. However in the computational model there was no difference in
the TR rotations for most of the gait cycle. But the higher tension TR springs did result
in lower peak TR rotations, as with the experimental simulation. The differences in the TR
rotation with the computational model only occurred when the TR rotation was greater than
the TR spring gap of 6°. The differences in the TR rotation under experimental simulation
that occurred when the TR springs were not being applied (i.e. when the TR rotation was
(a) Experimental AP Displacement (b) Experimental TR Rotation
(c) Computational AP Displacement (d) Computational TR Rotation
Figure 4.22: The AP and TR displacement under a range of TR spring tensions using the
experimental and computational methods
lower than 6°) may have been due to experimental error or variation between stations.
With a TR spring tension of 0Nm/° the joint dislocated at around 60% gait, however
before this point there was good correlation between the two data sets with a linear fit of
gradient 0.88 and a high r squared value (Figure 4.23).
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(a) 0Nm/deg gradient=0.88 (b) 0.1Nm/deg gradient = 1.08
(c) 0.36Nm/deg gradient = 0.93 (d) 0.5Nm/deg gradient = 0.95
(e) 0.8Nm/deg gradient = 1.02 (f) 1Nm/deg gradient = 1.05
Figure 4.23: The correlation of the TR rotation under a range of TR spring tensions between
the computational and experimental methods
With a TR spring tension of 0.1Nm/° the correlation was not as strong especially with
high TR rotation values. This showed the difference in the peak TR rotation between the
two results. The difference between the two TR profiles at around 30% gait where the com-
putational prediction increased to the peak TR rotation later in the cycle was shown in the
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weaker correlation with TR rotation values of around 2-3°.
With the higher TR spring tensions there was a better correlation between the data sets,
especially at lower TR rotation values. The computational prediction resulting in a peak
TR rotation later in the cycle is shown in each of the correlations, where the computational
prediction resulted in higher TR rotations than the experimental data with values between
5-7°. However otherwise there was a strong correlation between the two data sets with linear
fits of gradients 0.93, 1.03 and 1.05 along with high r squared values.
4.5 Discussion
Ligament tensions vary between patients and ligaments degrade as part of the disease process
and aging and may be damaged or removed during TKR surgery. Currently standard simu-
lation of TKRs does not take into account the range of soft tissue tensions found in vivo. A
study into the soft tissue tensions after TKR determined that the soft tissue force ranged from
70.8-182N in extension and 70.8-169.4N in flexion across 77 TKR patients [16]. This study
investigated the effect of soft tissue constraints on the kinematics of TKRs using experimental
and computational simulation.
4.5.1 Methods
The use of force control for this study allowed the different soft tissue constraints, represented
by the springs, to control the output kinematics of the joint. Differences between each station
in the simulator, such as internal friction, affected the output kinematics especially when lower
spring tensions were used. In order to reduce these differences the same component was used
on each station and 100 cycles were recorded on each station. This removed offsets in the
output AP and TR displacements across the stations. For the AP displacement this offset
was up to 3mm and up to 4° on the TR position. The output kinematics from the tests gave
an indication of the stability of the knee.
The ISO standard [186] force control input profiles are intended to mimic the muscle
and joint forces that occur during walking, while the spring tensions and gaps represent the
restraint and laxity of the soft tissues. These ISO standard test conditions represent an
average patient, with mechanical alignment, and does not simulate a range of patient groups.
Previous studies have investigated the laxity and ligament tensions of the knee in TKR
patients [198] or cadaveric specimens [73, 113, 144]. Due to the variation in ligament stiffness
and laxity between patients there is a range of results. The AP displacement under a given
load also depends on the flexion position of the knee [73]. Under 100N posterior load the
displacement of the knee was determined to be around 2.5mm-2.8mm for TKR patients at
15-20° flexion [198]. Under the same load another study determined posterior displacements of
4mm and 10mm at 0° flexion for an intact knee and a knee with no PCL respectively [73]. For
an intact knee the posterior displacement under 100N was determined to be relatively constant
across different flexion positions. However with the PCL removed the posterior displacement
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varied from around 9-18mm from 0-90° flexion [73].
As with the AP tension there is variation in the rotational stiffness of the knee. Previous
studies have applied a TR torque to cadaveric specimens and measured the rotation. One
study applied a TR torque of 6Nm and determined rotation of around 10° and 20° for 0° and
90° flexion respectively [144]. Another study determined that the response under a range of
applied TR torques was approximately linear within 10° of the zero position, with tension
values of around 0.34Nm/° and 0.3Nm/° for an intact and ACL resected knee [113].
4.5.2 Input Profiles
The first part of this study investigated the effect of the input profiles on the output kinematics.
The absence of the FE motion had a large effect on the AP displacement. This was likely
because as the FE moved from flexion to extension a posterior force was generated on the tibial
component. The converse being true when moving from extension to flexion. For most of the
gait cycle the FE motion and input AP force balanced each other; as the knee extended an
anterior AP force was being applied. Therefore the AP displacement changed significantly if
either the AP force or FE displacement was not applied. No such relationship was determined
for the TR position; only the absence of the TR torque significantly changed the profile.
4.5.3 Tibial Insert Design
Three different tibial insert designs were tested to find the effect of the tibial insert design on
the output kinematics. The design of the tibial insert particularly affected the TR position.
A lower conformity insert had a higher peak position which occurred earlier in the cycle. This
was due to the lower conformity inserts allowing the TR position to follow the shape of the
TR torque profile more closely. The lower conformity inserts also resulted in more anterior
AP displacement.
4.5.4 Spring Gap and Spring Tension
The effect of the laxity, represented by the spring gaps, and soft tissue tensions, represented by
the spring tensions, within the knee were investigated. The spring gaps and tensions affected
the peak displacements in both the AP and TR positions, particularly in the second half of
the cycle. This was due to the AF decreasing to its minimum from 50% gait, the applied AF
in the first half of the cycle restricted the AP displacement.
The increased spring gaps resulted in a linear relationship with the peak AP and TR
displacements on both the CVD and PLI inserts. Changing the AP spring gap had more
of an effect on the PLI insert; this may be due to the high conformity of the CVD insert
restricting the motion. However changing the TR spring gap resulted in a similar response on
both inserts, with the only difference being that the PLI insert had 2° more rotation across
all the tests.
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Increasing the AP spring tension reduced the peak AP motion on both the CVD and
PLI inserts. The peak AP displacement plateaued at around 4mm from 150N/mm onwards.
This may have been due to the spring gap of ±2.5mm; as the spring tension increased and
the peak AP decreased the springs were only applied over a short section of the gait cycle.
Therefore the difference in spring tension had less of an effect. The TR spring tension had
very little effect on the CVD insert; the conformity of the insert may have been restricting
the TR motion so that the effect of the spring was minimal. However with the PLI insert the
peak TR position decreased as the tension increased. Further testing with tensions higher
than 1Nm/° may show the same plateau as with the AP spring; the data collected showed a
trend line that started to plateau at around 9°.
4.5.5 Computational Simulation
The soft tissues within the computational model were validated by comparing the output
displacements to those found experimentally. There was good correlation between the exper-
imental and computational results, especially during the first half of the gait cycle when the
axial force was at its highest.
Both the computational and experimental data determined a linear relationship between
the peak AP displacement and the size of the AP spring gap, however the gradient was
slightly higher with the computational data. The correlation between the data sets for the
TR profile was not as strong as with the AP displacement, mainly due to the peak TR
rotation occurring slightly later in the cycle in the computational predictions. However the
computational results for the peak TR rotation with a range of TR spring gaps was within
the 95% CI of the experimental data.
The computational data resulted in a similar relationship between the spring tensions and
the peak displacements as the experimental data, however it resulted in lower values. The
model could not run under an AP spring tension of 0N/mm or TR spring tension of 0Nm/°
as there was tibiofemoral contact occurring on the medial, anterior edge of the tibial insert.
As discussed previously this may be due to the ability of the computational model to run
unstable motion and the increased flexibility of the experimental simulators in comparison
For all the spring tensions studied there was a good correlation between the two data sets
during the first 60% of the gait cycle. This section of the gait cycle is where the axial force is
highest so differences between the experimental and computational models, such as the mass
as discussed previously, may have had less of an effect. There were some differences between
the computational prediction and the experimental results however there was good overall
agreement.
4.5.6 Comparison With Previous Work
A previous study [92] investigated the effect of different spring tensions and gaps on the
output kinematics under force control. A four station Instron-Stanmore knee simulator with
DePuy PFC Sigma Fixed bearing knee components were used. Two springs were attached
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to the simulator to restrain the AP motion, they were separated by 47mm and therefore also
applied restraint to the TR motion. High tension springs (anterior restraint of 7.24N/mm and
posterior restraint of 33.8N/mm) were tested with a 2.5mm and 0mm gap. Both high and
low tension springs (anterior and posterior restraint of 7.24N/mm) with a 2.5mm gap were
used to investigate the effect of spring tension.
The spring gap tests had similar results to this study. The low tension spring resulted in
a similar kinematic profile but with a higher amplitude. For the low tension TR springs the
maximum TR position in the previous study was higher than that determined in this study
(17° compared to 8°). This may have been due to the offset between the sets of results of
around 6°. However there was less of a difference between the previous study and this study’s
peak TR rotation for a high tension spring with a 0mm or 2.5mm gap.
Differences in the results between studies may be due to differences in the test conditions
and simulators. For example this study used virtual springs rather than the two physical
springs used previously to apply both AP and TR restraint. Different knee simulators have also
been used; this study used a ProSim simulator compared to the Instron-Stanmore simulator
used in the previous study. The Instron-Stanmore simulator is pneumatic [197] compared
to the electro-mechanical simulator used for this study. Electro-mechanical simulators can
provide better kinematic following than the first generation pneumatic simulators [7].
The weight of the tibial fixtures were also determined to affect the output kinematics,
especially that of the AP displacement. The heavier the tibial fixture the lower the AP dis-
placement. Differences in the tibial fixture weights between any tests could result in differences
in the results and is an important consideration. This could also be a cause for differences in
this study and the previous study.
4.5.7 Limitations
There are some limitations to the experimental study, firstly there was some variation between
the stations of the simulator, particularly when the low tension springs were applied. The high
variation meant that differences were less clear. This study also only investigated the effect
of the tibial insert surface geometry, further testing would investigate the effect of component
design more thoroughly, for example the effect of different femoral designs.
Although the impact on kinematics has been examined, it is possible that there was
a significant impact on forces going through implant-cement or cement-bone interface with
varying restraints introduced by changes in ligament tension as well as surface geometry of
the insert. These can manifest in a stable knee in the short-term but with a high risk of
implant loosening in the mid to long-term. In this study we could not measure the magnitude
of forces (shear in particular) going through these interfaces and therefore cannot comment
upon the associated risk of implant loosening.
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4.5.8 Conclusions
The soft tissue response in the knee varies between patients [16, 113]. The choice of these
restraint values is an important factor for the kinematics and wear. When choosing the values
for a test a specific patient group should be chosen. For a patient with an unstable knee due to
the soft tissue tensions a high conformity insert would be used. Therefore, when choosing test
conditions, the insert design and the soft tissue constraints should be matched so that they
are clinically relevant. There are also other patient factors such as patient body mass index
(BMI) and component position that may affect the kinematics but have not been investigated
in this study.
Soft tissue constraints had a significant effect on the kinematics of the TKRs of varying
geometries investigated in this study. Simulating the average soft tissue tensions will not
represent the variation across different patients. Patient variation should be represented in
experimental simulation; in order to simulate a patient with increased laxity in the knee an
increased spring gap should be used. The difference in spring tensions were determined to
have a lower effect on the high conformity tibial inserts. To ensure a test is clinically relevant
the spring conditions should be considered with the tibial insert design in mind. For example
a low conformity insert would not be used in a patient with high laxity. In order to replicate
the range of outcomes that occur in vivo, experimental simulation must include a range of
patient factors such as different soft tissue constraints.
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Chapter 5
The Influence of Simulated Soft
Tissue Constraints on the
Mechanics and Wear of a TKR
Under Mechanical Alignment
5.1 Introduction
This study was carried out in order to determine the influence of simulated soft tissue con-
straints on the output kinematics, contact pressure and wear rate of a TKR. In order to do
this three different soft tissue conditions were defined in order to represent the range of con-
ditions found in vivo. They were chosen to represent a knee where both the ACL and PCL
have been resected, where the ACL has been resected but the PCL is intact and to represent
a patient with a stiff knee.
Experimental simulation was carried out with a knee simulator (as described in Chapter
2) in order to find the output AP, TR and AA displacements under each of the soft tissue
conditions. The soft tissues within the knee were represented using virtual springs within the
simulator and the spring profiles were varied in order to represent the different soft tissue
conditions. The resulting output displacements were then compared between the soft tissue
conditions in order to determine their effect.
The contact area was also measured at four different points in the gait cycle for each soft
tissue condition. The four points in the cycle were defined to cover the range of motion and
loading that occurred. The contact areas were compared between the soft tissue conditions.
Then three studies of mechanical function and wear were run for 2MC with each of the
soft tissue conditions to determine whether they influenced wear.
The computational model was then validated using the experimental data described in this
chapter. The output kinematics and contact areas were compared between the experimental
and computational data for the mechanical alignment condition under the three soft tissue
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conditions studied experimentally. The output kinematics, contact area and peak contact
pressure values from the computational model were then compared between the soft tissue
conditions.
5.2 Materials
All the simulations were carried out using DePuy Sigma fixed bearing, right knee (DePuy
Synthes, Leeds, UK) components. The tibial inserts were moderately crosslinked UHMWPE
(5MRad irradiated and re-melted GUR1020 XLK, part number 1581-13-110).
The femoral components had been used in previous studies, in order to ensure this would
not affect the wear results the femorals were polished in order to remove any scratches. The
pre-test surface roughness was verified using a Form Talysurf to ensure the Ra was below
0.1µm.
The lubricant was 25% bovine serum (Life Technologies, New York, USA) in 0.04% sodium
azide solution (Severn Biotech Ltd, Worcestershire, UK) and was changed approximately every
350,000 cycles. The contact area measurements were carried out using a Tekscan (Tekscan
Inc., Boston, USA) pressure mapping sensor 4000 which was designed for use in knee joint
applications, it has a total of 572 sensels with 62 sensels/cm² and a maximum pressure of
69.95 MPa.
The soft tissues were simulated using virtual springs within the simulator, the profiles of
the virtual springs were changed to represent different soft tissue constraints.
5.3 Methods
To investigate the effect of ligament tension on the kinematics and wear of a TKR the virtual
springs within the simulator, that replicate the effect of the soft tissues within the knee, were
varied. The size of the spring gaps and the tension of the springs were changed in order to
replicate 3 soft tissue conditions; a knee without an ACL or PCL, a knee with no ACL and a
stiff knee (Table 5.1). The ISO standard force control inputs and centre of rotation were used
for all studies [186] (Figure 2.3).
Table 5.1: The AP and TR spring tensions and spring gaps for the three soft tissue conditions
studied
Condition
AP TR
Gap (mm) Tension (N/mm) Gap (°) Tension (Nm/°)
Resected ACL ±2.5 44 posteriorly, ±6 0.36
(ISO CR) 9.3 anteriorly
Resected ACL & ±2.5 9.3 ±6 0.13
PCL (ISO CS)
Stiff 0 127 0 0.7
The first two soft tissue conditions were defined using the ISO standard virtual springs for
a CS and CR prosthesis respectively to represent a resected ACL & PCL and a resected ACL.
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The ISO CS springs have an AP tension of 9.3N/mm in the anterior and posterior directions,
while the CR springs have a tension of 44N/mm in the posterior direction and 9.3N/mm in
the anterior direction. The CS springs have a TR spring tension of 0.13Nm/° and the CR
springs have a tension of 0.36Nm/°. Both the CR and CS springs had AP and TR spring
gaps of 2.5mm and 6° respectively.
The third soft tissue condition was based on clinical data for the motion of the natural
knee under AP and TR forces. One study found the average posterior displacement under a
100N posterior load was 1.84±1.05mm [198]. The value of 0.79mm, one standard deviation
from the mean, was used in order to represent a patient with a stiffer than average knee.
Assuming there was no laxity within the knee and therefore no spring gap, this gave an AP
spring tension of 127N/mm.
Another study that investigated the rotation of the knee under 10Nm internal torque found
that the average rotation was 19.3±4.6° [113]. Values were taken one standard deviation from
the mean in order to represent a stiff knee. Assuming there was no laxity within the knee,
this gave a mean TR spring tension of 0.7Nm/°. These spring values were used for the third
soft tissue condition.
5.3.1 Stability
In order to determine the stability of the TKR under a wider range of soft tissue conditions
the TKR was studied under more extreme soft tissue conditions. Along with studying the
TKR with the three soft tissue conditions defined previously two other soft tissue conditions
were studied; the resected ACL & PCL spring tensions with increased spring gaps of ±5mm
and ±9° for the AP and TR springs respectively along with applying no spring restraints at
all. The motion of the TKR was observed and any signs of lift off, dislocation of the joint or
loading on the edges of the tibial insert were noted. Lift off was defined as any point where
the femoral and tibial components were not in contact during the gait cycle.
The TKR was run with Vaseline used as lubricant and without the gaiters attached so
that the mechanics of the joint could be observed.
5.3.2 Kinematics
As the knee simulator was run under force control conditions the output kinematics were able
to vary in response to the different soft tissue conditions. For each of the three soft tissue
conditions 10 consecutive cycles were recorded on each of the 6 stations of the simulator. The
output AP, TR and AA profiles were then averaged across the simulator in order to determine
the mean displacements and 95% CI.
The mean output profiles were then compared between the different soft tissue conditions
using minimum and maximum points in the output profiles as defined in Section 2.3.6 (Figure
5.1). Points A-D were defined in the AP profile, points E-H in the TR profile and points I-K
in the AA rotation profile.
Chapter 5. Influence of Soft Tissues 132
(a) AP Displacement (b) TR Rotation
(c) AA Rotation
Figure 5.1: The maximum and minimum points in the AP, TR and AA displacement profiles
used for comparison between studies
The range of motion in the displacement profiles was also compared between studies. The
range of motion was defined as the difference between the maximum and minimum point in
the displacement profile.
5.3.3 Contact Area
For each soft tissue condition the contact area at four points within the gait cycle were
measured using the Tekscan sensor; the first at 5% gait where the initial peak in the AP force
occurs, the second at 45% gait where the last peak in the AF occurs, the third at the point
in the cycle where the combined AP and TR displacement were at their maximum and the
fourth point at 72% gait where the FE was at its peak (Figure 5.2).
The displacements and loads at these points were found for each soft tissue condition
(Table A.1). Each point was measured on all the stations of the simulator and the results
averaged across them.
The contact area was measured on 5 of the stations of the simulator for each soft tissue
condition and the mean contact areas were found for each point in the gait cycle. The AA
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Figure 5.2: The input axial force, flexion-extension, AP force and TR torque profiles with the
four points in the cycle where the contact area was measured
motor was not functional on the 6th station and was therefore not used for the study. The
mean contact area was found by calculating the area of the sensor where the pressure value
was greater than 0MPa and accounting for the curvature of the insert at that point. The
average and 95% CI of the contact area position and size was then determined for each point
in the cycle.
5.3.4 Wear rate
In order to investigate the effect of the soft tissue constraints on the wear rates 3 different
wear studies were carried out. A wear study of 2MC was carried out for each of the three soft
tissue conditions; resected ACL, resected ACL & PCL and a stiff knee.
At the end of each wear study the change in the output kinematics over time was investig-
ated. This was to determine whether the kinematics changed as the wear scar was formed. To
do this 10 cycles from the start of the study, at around 1MC and at the end of the study were
compared from each station. The minimum and maximum points in the cycles (points A-K in
Figure 5.1) were compared to determine whether there were significant differences during the
wear study. The wear rates between each of the inserts used in the study were then compared
in order to determine whether there were similar differences in the wear rates over time.
The variation between the stations was also investigated. Using the same 30 cycles taken
at 0MC, 1MC and 2MC the output kinematics were compared between each of the 6 stations.
Any significant differences in the kinematics were then compared to the wear rates on each
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station to determine whether the differences in kinematics may have affected the wear rates.
The size, position and areas of the wear scars at the end of each wear study were also
found and compared between wear studies.
Before and after each wear study the surface roughness of the superior surface of the tibial
inserts and inferior surface of the femoral component were measured. Any significant change
in surface roughness may be due to third body damage to the components. Over time this
damage may result in increased wear. The surface roughness values and the change in the
values were compared between the wear studies to investigate whether any of the soft tissue
conditions resulted in damage to the contact surfaces.
During each wear study the bulk temperature of the serum was measured in order to
determine any differences in running temperatures. The mean and 95% CI of the station and
soak serum temperatures were compared between the different wear studies.
A one way ANOVA with significance taken at p<0.05 using IBM SPSS Statistics 22 was
used. Depending on the homoscedasticity either a post hoc Tukey’s test or a Games-Howell
test was carried out, with significance taken at p<0.05, to determine the differences between
the groups.
5.3.5 Validation of Computational Model
The experimental and computational data was compared for the mechanical alignment and
the three soft tissue conditions studied experimentally; resected ACL, resected ACL & PCL
and a stiff knee.
This was first done by comparing the output AP, TR and AA displacements between
the experimental and computational results. The correlation between the experimental and
computational displacements was determined and a correlation coefficient above a value of
0.7 was determined to be a good correlation.
The position of the tibiofemoral contact and the contact area were compared between the
computational and experimental results at the four points in the gait cycle where the contact
area was measured experimentally. A static computational model was also run under the
experimental displacements at each of these points in the cycle. This was to verify whether
any differences in the contact area under the dynamic computational model were due to the
differences in kinematics or due to the static experimental measurements.
5.3.6 Computational results
Once the computational model was validated it was used to compare the contact areas and
peak contact pressures between the three soft tissue conditions. The calculation of the contact
area was carried out throughout the gait cycle. The peak contact pressure was found at
each of the four points in the gait cycle where the experimental Tekscan measurements were
carried out. The output AP, TR and AA kinematics from the computational model were also
compared between the soft tissue conditions to determine any differences that may not have
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appeared in the experimental methods. For example due to limitations in the experimental
simulation such as the internal friction within the simulator.
5.4 Experimental Results
5.4.1 Stability
The same set of components was studied under a range of soft tissue conditions including with
larger gaps of 5mm and 9° for the AP and TR springs respectively as well as with no springs
applied. Under these different soft tissue conditions the effect on the stability and mechanics
of the joint was observed.
The TKR under mechanical alignment was found to be stable under all the soft tissue
conditions studied. Even with no springs attached it did not dislocate and there was no lift
off of the femoral component relative to the tibial component.
5.4.2 Effect on Kinematics
The mean anterior-posterior, tibial rotation and abduction-adduction displacement profiles
were found for each of the three soft tissue conditions.
5.4.2.1 Anterior-Posterior Displacement
Changing the spring tensions changed the kinematics of the joint. For the first 50% of the gait
cycle there was no difference between the resected ACL and the resected ACL & PCL soft
tissue conditions in the output AP displacement. However after 50% gait the resected ACL &
PCL soft tissue condition resulted in a significantly higher peak AP displacement compared
to the resected ACL soft tissue condition (p<0.01) (Figure 5.3).
Under the stiff knee soft tissue condition the initial peak in the AP displacement and the
overall peak was significantly lower than the other two soft tissue conditions (p<0.01).
The stiff knee soft tissue condition also resulted in a significantly lower range of motion
across the gait cycle compared to the other two soft tissue conditions (p<0.01).
There was no significant difference between the range of motion for the resected ACL and
resected ACL & PCL soft tissue conditions (p=0.27). Although the resected ACL & PCL
soft tissue condition resulted in a higher peak AP displacement the resected ACL soft tissue
condition resulted in a lower minimum value at 70% gait, which may be why the range of
motion was similar.
As the restraint of the soft tissue condition decreased the peak AP displacement increased,
as well as the range of motion across the gait cycle. This was particularly apparent during
the swing phase from 50% gait onwards where the AF was much lower.
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Figure 5.3: Mean AP displacement (mm) profiles with resected ACL, resected ACL & PCL
and stiff knee soft tissue conditions with the 95% CI shown in dotted lines (n=6)
5.4.2.2 Tibial Rotation
There was no significant difference in the TR rotation between the resected ACL and resected
ACL & PCL soft tissue conditions at any point in the cycle (Figure 5.4). As with the AP
displacement for the first 50% of the cycle the output profiles were very similar, from 50%
gait onwards the resected ACL & PCL soft tissue condition resulted in a higher TR rotation.
With the stiff knee soft tissue condition the TR rotation followed a similar shape, however
had a significantly lower peak than the other soft tissue conditions (p<0.03).
The stiff knee soft tissue condition also resulted in a significantly lower range of motion
across the gait cycle than the resected ACL soft tissue condition (p=0.03).
5.4.2.3 Abduction-Adduction Rotation
All three AA profiles followed a similar shape; there was a minima in the AA rotation just
before 10% gait at around the same point in the gait cycle as the initial AP peak (Figure 5.5).
The AA rotation then plateaued until around 50-60% gait. As the AP and TR displacements
dropped from their peak values down to a minima at around 70% gait the AA rotation
increased up to its peak value.
Up to 50% gait the resected ACL & PCL and stiff knee soft tissue conditions resulted in
very similar AA rotation profiles. The resected ACL & PCL soft tissue condition followed a
similar profile shape however it was around 1° offset towards adduction than the other AA
profiles. The resected ACL & PCL soft tissue condition resulted in a significantly lower initial
peak at the start of the gait cycle than the other soft tissue conditions (p=0.01). The resected
ACL & PCL soft tissue condition also resulted in a significantly lower minima at point J
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Figure 5.4: Mean TR rotation (°) profiles with resected ACL, resected ACL & PCL and stiff
knee soft tissue conditions with the 95% CI shown in dotted lines (n=6)
Figure 5.5: Mean AA rotation (°) profiles with resected ACL, resected ACL & PCL and stiff
knee soft tissue conditions with the 95% CI shown in dotted lines (n=6)
compared to the resected ACL and stiff knee soft tissue conditions (p=0.03).
The stiff knee soft tissue condition reached the peak AA value earlier than the other two
profiles, however it reached a lower peak value than the resected ACL soft tissue condition.
The resected ACL & PCL soft tissue condition resulted in a significantly lower peak AA
rotation than the resected ACL soft tissue condition (p=0.03).
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There was no significant difference between any points I and J or J and K, or in the range
of motion for any of the soft tissue conditions (p>0.06).
5.4.3 Effect on Contact Area
Figure 5.6 shows the contact areas for all the points measured for each soft tissue condition.
All three soft tissue conditions resulted in a similar contact area pattern for the first half of
the gait cycle. However the resected ACL & PCL soft tissue condition resulted in increased
lateral loading.
At point 3 there was more variation; with the resected ACL & PCL soft tissue condition
only resulting in lateral contact. The stiff knee soft tissue condition resulted in posterior
motion of the medial contact which did not occur under the other soft tissue conditions.
At the end of the cycle the contact points had moved posteriorly from earlier in the cycle,
with the resected ACL soft tissue condition only having a medial contact.
The resected ACL & PCL soft tissue condition also resulted in the most unbalanced
contact with mainly lateral tibial loading. The resected ACL soft tissue condition resulted in
some imbalance but with a higher contact area on the medial side rather than the lateral side.
The stiff knee soft tissue condition resulted in both medial and lateral contact at all points
measured.
The mean total contact areas on the tibia were found for each soft tissue condition at each
point in the cycle (Figure 5.7).
At point 1 in the gait cycle the resected ACL & PCL soft tissue condition resulted in a
significantly lower total contact area than the other two springs conditions (p<0.01).
At points 2 and 4 there was no significant difference in the total contact areas between
the springs.
At point 3 in the cycle all the springs resulted in a significantly different total contact
area, with the stiff knee having the highest and the resected ACL & PCL soft tissue condition
the lowest areas (p<0.01).
5.4.4 Effect on Wear
Three wear studies were carried out each for 2MC with each of the three soft tissue conditions;
resected ACL, resected ACL & PCL and the stiff knee soft tissue conditions.
5.4.4.1 Wear Rate
After 2MC the mean wear rates were 4.71±1.29mm³/MC, 3.06±1.57 mm³/MC and 1.58±
1.20mm³/MC for the resected ACL, resected ACL & PCL and the stiff knee soft tissue con-
ditions respectively (Figure 5.8). The wear with the stiff knee soft tissue condition was signi-
ficantly lower than the resected ACL soft tissue condition (p<0.01). There was no significant
difference between the wear rates for the resected ACL & PCL and resected ACL soft tissue
conditions (p=0.15) or between the resected ACL & PCL and stiff knee soft tissue conditions
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(a) Resected ACL (b) Resected ACL and PCL
(c) Stiff Knee
Figure 5.6: Mean contact area and 95% confidence interval for each point in the cycle for each
of the three soft tissue conditions
(p=0.15). However this may have been due to the increased variation in the kinematics with
the resected ACL & PCL soft tissue condition; 3 stations that resulted in significantly higher
displacements to the other 3 stations also resulted in significantly higher wear rates (p<0.01)
with a mean of 5.2 mm³/MC compared to 1.6mm³/MC.
Under the resected ACL soft tissue condition the mean wear rate of the tibial inserts after
1MC was 5.3mm³/MC and was 4.7mm³/MC after 2MC. The wear rate of each station of the
simulator is shown in Figure 5.9 (a). Each set of femoral and tibial components were moved
to a different station in the simulator after every MC in order to reduce station variation.
Station 6 resulted in the highest wear rate after 1MC and 2MC with values of 6.5mm³/MC
and 6.9mm³/MC respectively (Figure 5.9 (a)). After 1MC and 2MC the wear rate on station
2 was lower than all the other stations with a final value of 4.3mm³/MC.
There was also some variation in the wear rates of the tibial inserts; tibials 4, 5 and 6,
resulted in higher wear rates than the other three tibial inserts throughout the study (Figure
5.9 (b)). Two stations were run for slightly longer than the other four due to previous issues
with them during the wear study. As with the tibial inserts three of the stations, stations 4, 5
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Figure 5.7: The mean contact area (mm2) with error bars showing the 95% CI (n=5) for
mechanical alignment at each point in the cycle
Figure 5.8: Mean wear rates over 2MC with the resected ACL, resected ACL & PCL and the
stiff knee soft tissue conditions applied with the error bar showing the 95% CI
and 6, resulted in higher wear rates than the other 3 stations throughout the study. However
there was less of a difference at 2MC between the stations than there was between the tibial
insert wear rates.
Under the resected ACL & PCL soft tissue condition after 1MC three inserts resulted in
higher wear rates than the other three; inserts 1, 4 and 5 (Figure 5.10 (b)).
After 2MC they still resulted in higher wear rates, however there was less of a difference
due to a decrease in wear rate on these stations and an increase in wear rate on stations 2, 3
and 6. The mean wear rates across all the inserts were 3.4mm³/MC and 3.1mm³/MC after
141 Chapter 5. Influence of Soft Tissues
(a) Station Wear Volume (b) Tibial Insert Wear Volume
Figure 5.9: The wear volume (mm3) for each tibial insert and each station on the simulator
over 1MC and over 2MC with the mechanical alignment and resected ACL soft tissue condition
(a) Station Wear Volume (b) Tibial Insert Wear Volume
Figure 5.10: The wear volume (mm3) for each tibial insert and each station on the simulator
over 1MC and over 2MC with the mechanical alignment and resected ACL & PCL soft tissue
condition
1MC and 2MC respectively. The wear rate of each station of the simulator is shown in Figure
5.10 (a). Station 5 resulted in higher wear rates than all the other stations at 2MC, while
stations 1, 4 and 5 resulted in higher wear rates than the other 3 stations after 1MC. The
variation in wear rates found in this study was similar to that found under the resected ACL
soft tissue condition.
On all the inserts that ran for the full study under the stiff knee soft tissue condition the
wear volume was higher after 2MC than after 1MC (Figure 5.11). Station 4 was only run for
the first MC in this study and could not be run for the second MC due to issues with the
station. This difference in wear volume could be due to the formation of wear scars during
the study. After 2MC insert 1 and insert 5 resulted in higher wear rates of 2.7mm³/MC and
2.0mm³/MC than the other inserts which resulted in values of around 1mm³/MC.
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(a) Station Wear Volume (b) Tibial Insert Wear Volume
Figure 5.11: The wear volume (mm3) for each tibial insert and each station on the simulator
over 1MC and over 2MC with the mechanical alignment and stiff knee soft tissue condition
5.4.4.2 Kinematic Variation During Studies
Under the resected ACL soft tissue condition there were some significant differences in the
ranges of motion however there was no distinct trend over time. The range of motion in the
AP displacement was found to be significantly higher after 1MC compared to 0MC and 2MC
(p<0.01). The range of motion increased from 5.1mm to 6.5mm then decreased to a value of
5.7mm during the study. The TR range of motion conversely was significantly higher at the
start of the study with a value of 7.3° compared to 6.4° at 1MC and 6.0° and 2MC (p<0.01).
There was no significant variation in the AA range of motion with values of 1.6°, 1.9° and 1.6°
at 0MC, 1MC and 2MC respectively (p=0.35).
Under the resected ACL & PCL soft tissue condition there was no significant difference
in the AP or TR ranges of motion during the wear study (p=0.055 and p=0.38). However
the AA range of motion was significantly lower at 1MC, with a value of 0.8°, compared to at
0MC and 2MC with values of 1.1° and 1.0° respectively (p<0.01).
Under the stiff knee soft tissue condition there was no significant change in the AP range
of motion during the wear study (p=0.47). However the range of motion of the TR rotation
was significantly lower at 1MC with a value of 3.0° compared to 3.5° at 0MC and 3.3° at
2MC (p<0.01). The AA range of motion was significantly higher at 2MC with a value of 1.2°
compared to 0.8° and 0.9° at 0MC and 1MC respectively (p<0.01). The differences in the
range of motion during the wear study were small and did not follow an obvious trend.
5.4.4.3 Kinematic Variation Between Stations
Under the resected ACL soft tissue condition there was some kinematic variation between
stations; station 1 resulted in a significantly higher AP, TR and AA range of motion than any
of the other stations (p<0.01).
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The correlation between the wear rate of each station and the range of motion in the AP,
TR and AA displacement profiles was determined (Figure 5.12 (a)). There was found to be
no positive correlation between the differences in kinematics and the differences in wear rates
between stations. The same correlation was found between the ranges of motion and the
wear rates for each tibial insert (Figure5.12 (b)). As with the stations there was no positive
correlation between the two.
(a) Station Range of Motion vs Wear Rate (b) Tibial Insert Range of Motion vs Wear Rate
Figure 5.12: The correlation between the wear rate and range of motion under the resected
ACL soft tissue condition for the stations (a) and the tibial inserts (b)
Under the resected ACL & PCL soft tissue condition three stations resulted in significantly
different kinematics to the other three stations of the simulator. Stations 1, 2 and 3 all resulted
in significantly higher and significantly different ranges of AP motion compared to the other
stations and each other (p<0.01).
The correlation between the ranges of motion and the wear rates were determined (Figure
5.13).
(a) Station Range of Motion vs Wear Rate (b) Tibial Insert Range of Motion vs Wear Rate
Figure 5.13: The correlation between the wear rate and range of motion under the resected
ACL & PCL soft tissue condition for the stations (a) and the tibial inserts (b)
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There was no positive correlation to show an increase in the wear rate along with an
increase in any of the ranges of motion. The same lack of positive correlation was found
between the ranges of motion and the wear rates for each tibial insert.
Under the stiff knee soft tissue condition three stations; stations 1, 2 and 5, resulted in
significantly higher AP ranges of motion compared to the other three stations (p<0.01). There
was more variation in the TR range of motion with stations 3 and 4 resulting in significantly
higher values (p<0.01). Station 1 resulted in a significantly higher AA range of motion
(p<0.01). However there was no positive correlation between the differences in wear rate and
the differences in the ranges of motion between stations or between tibial inserts (Figure 5.14).
(a) Station Range of Motion vs Wear Rate (b) Tibial Insert Range of Motion vs Wear Rate
Figure 5.14: The correlation between the wear rate and range of motion under the stiff knee
soft tissue condition for the stations (a) and the tibial inserts (b)
5.4.4.4 Running Temperature
During each wear study the bulk temperature of the serum in each station was measured
in order to determine any differences in running temperature (Table 5.2). For each study
the running temperatures across the stations and soak controls were similar with the station
temperatures being within 0.3°c of each other and the soak controls being within 0.6°c of each
other.
Table 5.2: Mean running temperature (°C) with the 95% CI across the simulator of the
stations (n=6) and soak controls (n=2) during each wear study
Study Station Soak
Resected ACL 28.7±0.3 26.1±0.5
Resected ACL & PCL 29.0±0.4 26.7±0.4
Stiff Knee 28.7±0.3 26.5±0.6
During each study the station temperatures were higher than the soak controls by around
2°C, this was due to the friction and heat generated in each of the stations.
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5.4.4.5 Surface roughness
The surface roughness of the femoral and tibial contact surfaces were measured at the start
and end of each wear study. The same components were used for all three wear studies,
the resected ACL study was carried out first, then the resected ACL & PCL wear study
and finally the stiff knee soft tissue condition wear study. The roughness of the femoral
components increased during the first study using the resected ACL soft tissue condition.
The Ra value for the femoral components then remained stable at a value of 0.05µm. The
opposite occurred with the tibial inserts; the Ra value of the tibial inserts decreased during
each study by 0.04µm, 0.09µm and 0.01µm for the resected ACL, resected ACL & PCL and
stiff knee soft tissue conditions respectively. However the 95% CI were all larger than the
change in the mean Ra values therefore the differences in the Ra values were negligible.
Table 5.3: Mean surface roughness values (µm) (mean±95%CI, n=6) for the femoral and
tibial components at the start and end of each wear study
Spring Femoral Tibial
Condition Start End Start End
Resected ACL 0.023±0.002 0.051±0.002 0.470±0.184 0.427±0.168
Resected ACL & PCL 0.051±0.025 0.053±0.026 0.427±0.168 0.339±0.175
Stiff Knee 0.053±0.026 0.053±0.035 0.329±0.178 0.338±0.160
5.5 Validation of the Computational Model
The aim of this section was to validate the computational model by comparing the output
kinematics and contact area to the experimental data in this chapter. The computational
model was run using the same three soft tissue conditions as the experimental data; resected
ACL, resected ACL & PCL and the stiff knee soft tissue conditions with the same AF, FE,
TR and AP input profiles. The predicted computational results for each soft tissue condition
were then compared to the experimental results from this study.
The output AP, TR and AA kinematics were compared between the computational and
experimental data. The correlation between the experimental and computational values was
then found. A correlation coefficient above 0.7 was deemed a good correlation between the
two methods.
The contact area at the same four points in the cycle where the Tekscan measurements were
carried out were also found (Figure 5.2). The tibiofemoral contact positions were compared
between the experimental and computational data as well as the contact area values. A static
computational model was also run under the experimental displacements at each point in the
cycle measured with the Tekscan sensor. This was to verify whether any differences in the
contact pressure results under the dynamic computational model were due to the differences
in kinematics or due to the experimental data being measured statically.
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5.5.1 Resected ACL
5.5.1.1 Kinematics
The output kinematics using the resected ACL soft tissue condition were determined and
compared to the data collected using the experimental simulation. Figure 5.15 shows the
output AP, TR and AA displacements for the computational model as well as the experimental
results with 95% CI.
(a) AP Displacement (b) TR Rotation
(c) AA Rotation
Figure 5.15: Output AP, TR and AA displacements under the resected ACL soft tissue
condition from the computational model and from experimental study with a 95% CI shown
in a dotted line (n=6)
The AP displacement profile from the computational model was similar to that from the
experimental data; there was a peak before 10% gait then the highest peak at around 60%
gait (Figure 5.15 (a)). The computational model resulted in a lower peak AP displacement
compared to the experimental data. During the first half of the gait cycle the computational
data was within the 95% CI of the experimental data. However between 50% and 60% gait the
computational data was lower than the experimental data and outside of the 95% CI. Between
65% and 90% gait the computational data was higher than the 95% CI of the experimental
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data.
The correlation between the experimental and computational AP displacements are shown
in Figure 5.16 (a). Between 0-65% there was a strong linear correlation between the two
methods with a gradient of 0.84, however the computational model resulted in lower AP
displacements than the experimental methods. The data from 66-100% gait is shown in
red, in this part of the gait cycle there was no trend between the two methods with the
computational results being higher than the experimental data.
(a) AP Displacement gradient = 0.84 (b) TR Rotation gradient = 0.93
(c) AA Rotation gradient = 0.02
Figure 5.16: Correlation between the AP displacement (a), TR rotation (b) and AA rotation
(c) values with the experimental and computational results with the resected ACL soft tissue
condition
The computational prediction for the TR rotation was not as similar to the experimental
data as the AP displacement, however it did follow a similar profile shape but with a lower
displacement from 30-60% gait (Figure 5.15 (b)). The computational model resulted in a
higher peak TR rotation than the experimental data. The computational prediction was
within the 95% CI of the experimental data during most of the gait cycle. However at around
50% gait the computational data was lower than that from the experimental results as the
peak TR rotation occurred later in the cycle. At around 60% gait the peak TR rotation with
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the computational method was higher than the 95% CI of the experimental data.
The correlation between the experimental and computational TR rotations are shown in
Figure 5.16 (b). A linear fit is shown on the data with a gradient of 0.93, showing there is a
positive correlation that is close to 1 between the data. For TR values less than 4° the values
are similar between the two methods. However with values of the TR rotation greater than
that there was more variation. This shows the differences between the TR rotations between
50% and 65% gait.
The AA rotation from the computational mode resulted in lower AA rotation in the first
half of the cycle compared to the experimental data (Figure 5.15 (c)). The AA rotation
for the first half of the cycle was around 0° however it then increased at around 60% gait.
The increase to the peak occurred slightly earlier in the cycle as the increase to the peak
AA rotation in the experimental data. This difference may be a slight time delay in the
experimental simulation due to the masses and friction of the simulator. The gradient of the
increase in the AA rotation was similar between the two methods. However the computational
AA rotation prediction was outside of the experimental 95% CI throughout most of the cycle.
The correlation between the experimental and computational AA rotations is shown in
Figure 5.16 (c). As the experimental AA profile remained at around 0° for most of the gait
cycle there was not a good agreement between the two profiles.
5.5.1.2 Contact Area
The contact areas in the computational model were found at the same points in the gait
cycle that the measurements were taken experimentally under the resected ACL soft tissue
condition (Figure 5.17).
At points 1, 2 and 3 the contact areas predicted computationally were similar in position to
those found experimentally however the experimental methods resulted in the contact points
occurring more laterally.
However at point 4 there was a difference between the computational and experimental
measurements; the experimental data only showed contact on the medial condyle however the
computational data showed contact on both the medial and lateral condyles. The computa-
tional contact areas at this point were also more posterior than those measured experimentally
and were approximately equal in size on the medial and lateral condyles.
The measured contact area at each point in the cycle using the computational and exper-
imental methods are shown in Table 5.4.
At each point in the cycle the computational model predicted a higher contact area than
the experimental methods. However the values of the contact area followed a similar trend;
the highest was found at point 2 in the cycle and the lowest at point 4 by both methods.
Differences in the contact area may be due to differences in the kinematics and the loading.
For example at point 4 in the cycle the experimental methods resulted in just medial contact
while the computational methods resulted in both medial and lateral contact. In order to
investigate this a static computational model was run under the experimental displacements.
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 5.17: Contact pressures predicted by the computational model and experimental data
under the resected ACL soft tissue condition with the pressure ranging from 0MPa (blue) to
25MPa (red) with the medial side on the left and lateral on the right
Table 5.4: Contact area (mm²) at each point in the cycle under the resected ACL soft tissue
condition using the computational and experimental (mean±95%CI) methods
Point Experimental Computational
1 85.9±5.3 168.9
2 139.3±5.2 226.0
3 27.7±3.1 82.6
4 15.6±1.6 26.1
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5.5.1.3 Static Computational Model under the Experimental Output Displace-
ments
In order to verify whether the differences between the computational and experimental contact
pressure results were due to the differences in the output kinematics or due to the static
measurement of the experimental data the contact pressure measurements were found using
a static computational model and the experimental displacements.
The same static model was used as for the mesh convergence detailed in the Chapter 3.
The experimental displacements under the resected ACL soft tissue condition were applied
to the femoral and tibial components and the required axial load was applied to the femoral
centre of rotation.
At points 1 and 2 in the cycle the contact points were similar between the dynamic model
and the experimental data (Figure 5.18 (a) and (b)). At these points the static computational
model resulted in just lateral contact. At point 2 in the cycle the static computational model
resulted in a higher contact area on the lateral tibial condyle rather than on the medial
condyle, as found in the dynamic model. The larger lateral contact area found under the
static model is similar to the lateral contact area found using the experimental methods.
The difference between the two computational models may be due to the difference in
AA rotation at this point. The experimental data resulted in contact on both condyles, this
could be due to multiple factors including that the thickness of the pressure sensor was not
included in the computational model. Therefore the experimental methods may have resulted
in medial contact when the static computational model did not.
At point 3 in the cycle the dynamic computational model and the experimental data
resulted in contact on the medial and lateral tibial condyles (Figure 5.18 (c)). The static
computational model however resulted in just lateral contact, but this contact area was more
similar in shape to the experimental data than the dynamic model.
At point 4 in the cycle the static computational model and the experimental results both
resulted in just medial contact, while the dynamic model resulted in both medial and lateral
contact (Figure 5.18 (d)).
The total contact area at each point in the cycle with the experimental, dynamic and
static computational models were found (Table 5.5).
Table 5.5: The total contact area (mm²) found under the resected ACL soft tissue condition
using experimental (mean±95%CI, n=5) and two computational methods; a static and a
dynamic model
Point Experimental
Computational
Dynamic Static
1 85.9±5.3 168.9 101.7
2 139.3±5.2 226.0 200.3
3 27.7±3.1 82.6 36.7
4 15.6±1.6 26.1 14.4
The computational models resulted in higher contact areas at points 1-3 in the cycle than
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 5.18: Contact pressures predicted by the static (left) and dynamic (centre) compu-
tational models and experimental data (right) under the resected ACL soft tissue condition
with the pressure ranging from 0MPa (blue) to 25MPa (red) with the medial side on the left
and lateral on the right
the experimental data. However the static model resulted in closer values to the experimental
methods than the dynamic model. This shows that the differences between the dynamic
computational model and the experimental methods may be partly due to the differences in
kinematics and due to the static experimental measurements.
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5.5.2 Resected ACL & PCL
5.5.2.1 Kinematics
During the first 50% gait the computational prediction for the AP displacement was mostly
within the bounds of the 95% CI of the experimental data (Figure 5.19).
(a) AP Displacement (b) TR rotation
(c) AA rotation
Figure 5.19: Output AP, TR and AA displacements under the resected ACL & PCL soft
tissue condition for the computational and experimental methods with the 95% CI shown
with a dotted line (n=6)
From 50-65% gait the computational prediction was lower than the experimental data,
resulting in a lower peak AP displacement with the computational prediction. During the last
section of the gait cycle the computational prediction was higher than that of the experimental
data and was outside the bounds of the 95% CI for around 75-90% gait.
There was a good correlation between the computational and experimental results for the
AP displacement value however the linear fit had a gradient of 0.7 and it did not pass through
the origin (Figure 5.20 (a)).
This shows that the computational prediction was higher than the experimental data at
low AP values and lower than the experimental data at high AP displacement values. The last
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(a) AP Displacement gradient = 0.72 (b) TR rotation gradient = 0.74
(c) AA rotation gradient = -0.02
Figure 5.20: Correlation between the AP displacement (a), TR rotation (b) and AA rotation
(c) values with the experimental and computational results with the under the resected ACL
& PCL soft tissue condition.
part of the gait cycle, where the computational prediction was higher than the experimental
results shows as the circle of points above the linear fit.
There was more of a difference in the shape of the TR rotation profiles; the computational
data resulted in lower values of TR rotation between 30% and 60% gait. The peak TR rotation
also occurred later in the cycle in the computational data compared to the experimental data.
However for nearly all of the gait cycle the computational prediction was within the bounds
of the experimental data 95% CI.
There was some correlation between the experimental and computational results for the
TR profile however at high TR rotation values there were some differences (Figure 5.20 (b)).
The gradient of the linear fit was 0.74 showing there was a good agreement between the two
data sets, however the computational prediction was lower than the experimental data. This
was most obvious between 30% and 60% gait when the TR rotation values were highest.
As with the other soft tissue conditions the largest difference in the profiles occurred with
the AA rotation. The computational data resulted in lower displacement values for the first
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half of the gait cycle and resulted in the peak AA rotation occurring earlier in the cycle.
For nearly all of the profile the computational prediction was not within the 95% CI of the
experimental data.
There was poor correlation between the computational and experimental AA rotations
with the linear fit having a gradient of -0.02 (Figure 5.20 (c)). This was similar to the other
soft tissue conditions as the computational prediction of the AA rotation stayed around 0° for
most of the cycle.
5.5.2.2 Contact Area
The contact areas were found using the computational model at the same points in the gait
cycle that the contact area was found experimentally (Figure 5.21).
At points 1, 2 and 3 in the cycle the experimental data mostly resulted in contact on
the lateral tibial condyle whereas the computational data resulted in more medial contact
(Figure 5.21). Again this difference in the medial and tibial loading may be due to the
differences in the AA rotation. The experimental lateral contact was also larger than that
found computationally.
At point 4 in the gait cycle the computational model resulted in medial and lateral contacts
of similar size on the posterior edge of the tibial insert. The experimental data resulted in
a larger medial contact area that was more posterior than the lateral contact. Both the
experimental contacts were more anterior than those found computationally.
The contact area at each point in the cycle was determined using both the experimental
and computational methods (Table 5.6). As with the resected ACL soft tissue condition the
computational model under the resected ACL & PCL soft tissue condition resulted in higher
contact area values compared to the experimental methods. However the values of the contact
areas followed a similar trend with the peak value occurring at point 2 in the cycle.
Table 5.6: Contact area (mm²) at each point in the cycle under the resected ACL & PCL soft
tissue condition using the computational and experimental (mean±95%CI) methods
Point Experimental Computational
1 69.1±1.7 168.9
2 137.3±9.0 227.6
3 18.6±1.5 78.4
4 15.9±2.4 26.1
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 5.21: Pressure maps found using the computational model (left) and experimentally
(right) under the resected ACL & PCL soft tissue condition ranging from 0MPa (blue) to
25MPa (red) with the medial side on the left and lateral on the right
5.5.3 Stiff Knee
5.5.3.1 Kinematics
Under the stiff knee soft tissue condition the kinematics for the AP and TR displacements
were very similar between the computational and experimental results (Figure 5.22). For most
of the cycle the computational prediction for the AP displacement was within the 95% CI
of the experimental data. However the computational results resulted in a higher peak AP
displacement of 2.3mm compared to 2.0m with the experimental methods.
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(a) AP Displacement (b) TR rotation
(c) AA Displacement
Figure 5.22: Output AP, TR and AA displacements under the stiff knee soft tissue condition
for the computational and experimental methods with the 95% CI shown with a dotted line
(n=6)
There was a strong correlation between the AP displacement values of the two data sets,
a linear fit was applied with a gradient of 1.01 and an r squared value of 0.97 showing the
strong agreement between them (Figure 5.23 (a)).
The computational prediction of the TR rotation profile was also similar to the experi-
mental data with the computational prediction being within the 95% CI for nearly all of the
cycle.
The correlation between the computational and experimental results for the TR rotation
was not as strong as with the AP displacement, however there was good agreement (Figure
5.23 (b)). The linear fit resulted in a gradient of 0.99 and the r squared value was 0.94. With
the TR rotation values near 0° there was the most difference between the results, however
these points in the gait cycle were the ones with the highest variation (Figure 5.22).
There was more of a difference in the output AA rotations between the experimental and
computational data, with the computational data having lower displacement during the first
half of the cycle. As with the resected ACL soft tissue condition the computational prediction
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(a) AP Displacement gradient = 1.01 (b) TR rotation gradient = 0.99
(c) AA rotation gradient = 0.1
Figure 5.23: Correlation between the AP displacement (a), TR rotation (b) and AA rotation
(c) values with the experimental and computational results with the stiff knee soft tissue
condition
for the AA rotation was not within the 95% CI of the experimental data for nearly all of the
cycle.
The computational data resulted in abduction throughout the cycle where as the experi-
mental data resulted in adduction during the first 50% gait. In the second half of the cycle
the trend of the two output profiles was more similar with the peak AA rotation resulting at
around 60% gait. However the experimental data resulted in higher abduction and adduction
displacements, with a higher peak AA rotation of 0.9° compared to 0.8°.
There was not a strong correlation between the AA rotations in the experimental and
computational results (Figure 5.23 (c)). There was also no systematic error or constant offset
between the two data sets.
5.5.3.2 Contact Area
With the stiff knee soft tissue condition the femorotibial contact point was in a similar position
in the computational data as it was using the Tekscan sensor (Figure 5.24).
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 5.24: Contact areas found using the computational model (left) and experimentally
(right) under the stiff knee soft tissue condition ranging from 0MPa (blue) to 25MPa (red)
with the medial side on the left and lateral on the right
However at point 4 in the cycle the computational data predicted that the contact would
occur more posteriorly, on the edge of the tibial insert. This did not occur when using the
Tekscan sensor.
There were also some differences in the position of the contact points with the computa-
tional model resulting in more posterior lateral contact.
At point 1 in the cycle the computational data resulted in the medial and lateral contacts
being in similar positions to each other while the experimental data resulted in a more anterior
lateral contact. At this point the computational data resulted in higher internal TR, which
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would result in a more posterior lateral contact (Figure 5.19).
At points 2 and 3 the experimental data resulted in the contact points being similar in
position while the computational data resulted in a more posterior lateral contact. However
the computational model resulted in lower internal tibial rotation than the experimental data
at these points than the experimental data.
5.6 Computational Results
The computational model was then used to compare the output kinematics between the soft
tissue conditions to determine any differences that may not have occurred in the experimental
results due to limitations of the experimental simulation. For example without the limitation
of the internal friction and the weight of the AA arm.
The output contact area and peak contact pressures from the computational model were
compared between the soft tissue conditions. The contact area was calculated throughout the
gait cycle, while the peak pressure values were found at the same four points in the gait cycle
where the experimental Tekscan measurements were carried out.
5.6.1 Kinematics
The output AP, TR and AA displacement profiles from the computational model under each
of the three soft tissue conditions are shown in Figure 5.25.
The difference in the AP displacement profiles between the soft tissue conditions was
similar to that found under the experimental methods (Figure 5.25 (a)). The stiff knee soft
tissue condition resulted in much lower AP displacements, while there was less of a difference
between the resected ACL and resected ACL & PCL soft tissue conditions. However in the
computational results the difference between the AP displacement profiles with the resected
ACL and resected ACL & PCL soft tissue conditions occurred with AP displacement values
greater than 2.5mm. This was the size of the AP spring gap for both of the soft tissue
conditions and therefore was when the springs began to be applied. In the experimental
results the difference between the two AP displacement profiles began at a similar point but
continued for the rest of the gait cycle.
As with the AP displacement the differences in the TR rotation profiles were similar to
those found experimentally (Figure5.25 (b)). The stiff knee soft tissue condition resulted in
much lower rotations while the difference between the resected ACL and resected ACL &
PCL profiles began at around 50% gait. This is the point in the cycle where the AF began to
decrease and where the differences in the AP profiles began. However in the computational
results the differences in the two TR profiles only occurred from 50% to 65% gait.
The greatest difference between the computational and experimental results occurred in
the AA rotation profiles. The differences in comparison with the experimental data may be
due to the weight of the AA arm in the experimental simulator. The stiff knee and resected
ACL soft tissue conditions only resulted in abduction during the gait cycle (Figure 5.25 (c)).
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(a) AP Displacement (b) TR Rotation
(c) AA Rotation
Figure 5.25: The output AP (a), TR (b) and AA (c) displacements under the stiff knee,
resected ACL and resected ACL & PCL soft tissue conditions using the computational model
The resected ACL soft tissue condition resulted in a higher peak AA displacement. While the
resected ACL & PCL soft tissue condition was the only one to result in both adduction and
abduction.
5.6.2 Contact Area
The contact area was determined for all three soft tissue conditions throughout the gait cycle
(Figure 5.26). The values of the contact area were very similar between the three soft tissue
conditions throughout the gait cycle.
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Figure 5.26: The contact area (mm²) under the stiff knee, resected ACL and resected ACL &
PCL soft tissue conditions using the computational model
5.6.3 Peak Contact Pressure
The peak contact pressure was determined for each of the three soft tissue conditions at four
points in the gait cycle (Table 5.7). The four points were the same points where the Tekscan
measurements were taken in the experimental study. The resected ACL and resected ACL
& PCL soft tissue conditions resulted in the same peak pressure values at points 1, 2 and 4
in the cycle. This may be due to the similarities in the kinematics at these points. The stiff
knee soft tissue condition resulted in the highest peak pressure at all the measured points
compared to the other two soft tissue conditions. At point 3 in the cycle the stiff knee soft
tissue condition resulted in the highest peak pressure and the resected ACL & PCL soft tissue
condition the lowest. However the differences in the peak pressure values were small at points
1-3 in the cycle; the stiff knee soft tissue condition only resulted in a higher value by up to
3MPa. At point 4 in the cycle there was the greatest difference with the stiff knee soft tissue
condition resulting in a value of 23MPa compared to 12.2MPa with the other two soft tissue
conditions.
Table 5.7: The peak contact pressure (MPa) under the stiff knee, resected ACL and resected
ACL & PCL soft tissue conditions using the computational model at each of the four points
in the gait cycle
Point Stiff Knee Resected ACL Resected ACL & PCL
1 29.1 27.4 27.4
2 20.0 19.7 19.7
3 16.3 15.6 13.0
4 23.0 12.2 12.2
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5.7 Discussion
This study investigated the effect of soft tissue constraints on the output kinematics, contact
pressure and wear of a TKR under mechanical alignment. Three soft tissue conditions were
defined in order to represent a knee with a resected ACL, a resected ACL & PCL and a
stiff knee. The resected ACL and resected ACL & PCL soft tissue conditions were the ISO
standard spring profiles for a CR and a CS TKR respectively [186]. Both soft tissue conditions
included a gap around the zero position in order to replicate the non linear behaviour of the
soft tissues in vivo. The stiff knee condition meanwhile was based on clinical data in order to
represent a patient with a stiffer than average knee. This soft tissue condition did not include
the gaps around the zero position in order to replicate a join with no laxity. The definition of
all three soft tissue conditions were defined in order to represent the range of conditions that
are found in vivo.
The representation of the soft tissues within the knee however is difficult due to a number
of factors including the variation between patients and the issues with measurement of the
soft tissues while they are in vivo without causing damage. Therefore the validity or appropri-
ateness of the soft tissue conditions are difficult to determine. As the TKR used in this study
was a CR TKR the resected ACL soft tissue condition should be the most representative of
patients with this TKR. However there may be patients where damage to the soft tissues
within the knee may occur during or after surgery, in this case the resected ACL & PCL soft
tissue condition may be more representative. Conversely patients with a painful knee for a
long period of time may have less laxity of the knee due to the soft tissues becoming tighter.
A lack of soft tissue release during surgery or the use of a tibial insert which was too thick
for the joint space may also result in a stiff knee. This soft tissue condition may be the least
likely to occur out of the three conditions in this study, however it provides an insight into
the effects of high tension soft tissue conditions.
5.7.1 Computational Model Validation
The influence of the soft tissue conditions was investigated using both experimental and com-
putational methods. The computational kinematics and contact area were validated against
the experimental data under all three soft tissue conditions. The AP and TR displacements
were found to have good correlations between the two methods for all the soft tissue con-
ditions. However there was more variation in the AA rotation with poor correlations under
all the soft tissue conditions. There were some similarities between the AA rotation profiles
with the increase towards to the peak AA rotation occurring with similar gradients and with
only a short delay between the computational and experimental methods. There were also
similarities in the contact area and position between the two methods. There were some
differences in the loading patterns however the static computational model resulted in closer
contact positions and contact areas than the dynamic model. This implies that the differences
in the contact area between the computational model and the experimental methods may be
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due to the static measurement under the experimental methods or due to the differences in
the kinematics.
There are many reasons why there may be differences between the computational and
experimental results. For example the computational model does not include any internal
friction or mass that may occur in the simulator. The only masses included in the system
are those from the tibial and femoral components. However in the simulator the mass of the
tibial fixture, the friction in the AP bearing system and the mass of the AA arm will have
affected the motion. The AA arm in particular had a large mass and may be the reason there
was such a difference between the experimental and computational AA rotations.
There may also be some differences in the relative positioning of the femoral and tibial
components as the tibial component is cemented into place by hand relative to the femoral
component for experimental simulation. In the simulator there may have been some variations
in this positioning between the stations and therefore the femoral may not have been perfectly
aligned with the tibial dwell point each time. This may be why there were some differences
between the computational and experimental data in terms of the positioning of the contact
point.
The contact area data from the Tekscan was taken under static loading conditions, this
was to prevent the sensor being moved or damaged during the study. In order to verify
whether this, or the differences in kinematics, were the cause of the differences in the contact
area results a static computational model was run under the experimental output kinematics.
The static computational model has shown that the differences in the contact area between
methods may be due to the static loading of the Tekscan sensor or due to the differences in the
kinematics. The weight and internal friction within the experimental simulator may be the
cause of the differences in kinematics. As these are limitations of the experimental simulator
these were not included in the computational model.
5.7.2 Stability
The fixed bearing TKR was found to be stable under all the soft tissue conditions studied,
including with no springs attached. This showed that there was good stability of the TKR
even with no soft tissue constraints applied. This may be due to the conformity of the insert
restricting displacements or it could be due to limitations of the simulator. Factors such as
the internal friction within the simulator may have resulted in reduced displacements and
therefore more stable motion.
5.7.3 Kinematics
The stiff knee soft tissue condition resulted in significantly lower displacements as well as
a significantly lower wear rate. This relationship between the soft tissue conditions and the
output displacements was similar to that found in the Chapter 4 and in other studies [92, 194].
One previous experimental study of the same TKR resulted in higher displacements under
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the lower tension condition as found in this study [92]. The increase in wear rate with the
increase in kinematics was also a similar relationship to that found previously [20].
For the first 50% of the gait cycle there was a minimal difference in the AP and TR
displacements for the resected ACL and resected ACL & PCL soft tissue conditions; this
may be due to a high AF being applied during this period. The increased friction may have
resulted in the soft tissue condition having less of an influence on the kinematics. This may
also have been due to the AP and TR displacements being within the respective spring gaps
during the period. There was a greater difference in the stiff knee soft tissue condition than
between the resected ACL and resected ACL & PCL soft tissue conditions, this may be due
largely to the differences in the spring gaps. The resected ACL and resected ACL & PCL
soft tissue conditions both had a 2.5mm AP and a 6° TR spring gap whereas the stiff knee
soft tissue condition had no spring gaps at all. For the TR rotation particularly, where the
peak displacement for the resected ACL & PCL soft tissue condition was 8°, this means the
springs were only being applied from between around 50-60% gait at the peak TR rotation.
Therefore the differences in spring tensions for the resected ACL and resected ACL & PCL
soft tissue conditions resulted in minimal differences in the TR rotation. Correspondingly,
the stiff knee soft tissue condition had no spring gap so the difference in the output in TR
rotation was more significant.
In the experimental study the stiff knee soft tissue condition resulted in a similar AA
output profile to the resected ACL soft tissue condition; it resulted in a lower and earlier peak
AA rotation. The differences between the profiles again occurred from 50% gait onwards,
however there was no significant difference. There was a more obvious difference between the
resected ACL and resected ACL & PCL AA rotation profiles; they followed similar shapes
however there was an offset of around 1° offset between the two profiles. This was the only
kinematic output parameter where the resected ACL and resected ACL & PCL outputs were
not similar up until 50% gait. This difference could be due to the fact that there was no AA
force applied, therefore there may have been more variation as it was free to move.
However in the computational results there was more variation in the AA displacement
profiles. The difference between the experimental and computational results may be due to
the weight of the AA arm within the simulator or due to the internal friction influencing the
AA rotation. In the computational results the resected ACL & PCL soft tissue condition was
the only one to result in both adduction and abduction rotation. This may imply an increase
in the instability of the TKR under this soft tissue condition. The resected ACL soft tissue
condition resulted in the highest peak AA rotation, however the difference in value was only
around 0.4°.
5.7.4 Contact Area and Pressure
The stiff knee soft tissue condition was found to result in the most balanced loading throughout
the cycle, closely followed by the resected ACL soft tissue condition which only resulted in
unbalanced loading at point 4 in the cycle. However the resected ACL & PCL soft tissue
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condition resulted in unbalanced loading with a majority of the contact pressure occurring
through the lateral tibial condyle. The other soft tissue conditions were more balanced and
tended to result in higher contact areas on the medial side of the tibial insert.
This difference may be caused by the AA position; the resected ACL & PCL soft tissue
condition resulted in more adduction and therefore more lateral loading. The imbalanced
loading that occurred with the lower tension soft tissue conditions correlates with a different
study that found that the lower tension springs were more unstable and resulted in more
imbalanced loading patterns [201]. Unbalanced loading could result in instability of the knee,
lift off and patient dissatisfaction [88, 153].
The movement of the medial and lateral contact between points 1 and 2 mimicked the
motion found in the natural knee, where the medial contact remains relatively stationary.
However in this study there was more motion of both the lateral and medial contacts later in
the cycle that was not found in the natural knee [117]. Small differences in the AA motion
resulted in a significant effect on the contact and the balance between the medial and lateral
loading.
In the experimental study the resected ACL & PCL soft tissue condition resulted in lower
contact areas at points 1 and 3 in the cycle. However in the computational results there was
no difference in the contact areas between the three soft tissue conditions. This difference
between the results again may be due to the differences in the AA rotations and the loading
patterns. For example at point 3 in the cycle the experimental methods only resulted in
lateral contact, while the computational model resulted in both medial and lateral contact.
In the computational results the stiff knee soft tissue condition resulted in the highest
peak pressure values at all four points measured, however the difference in values was low for
most of the cycle. At points 1-3 in the cycle the difference between the stiff knee soft tissue
condition and the other two soft tissue conditions was only 3MPa, however at point 4 in the
cycle the difference was 10MPa. The peak pressure under all three soft tissue conditions was
higher than the average yield stress of crosslinked UHMWPE [125].
5.7.5 Wear
The wear rate for the stiff knee soft tissue condition was significantly lower than that of
the resected ACL and resected ACL & PCL soft tissue conditions; this follows from the
kinematics results where the stiff knee soft tissue condition resulting in lower displacements
than the resected ACL and resected ACL & PCL soft tissue conditions. The kinematics for
the resected ACL and resected ACL & PCL soft tissue conditions were different, with the
resected ACL & PCL soft tissue condition resulting in higher peak displacements on both the
AP and TR profiles. However there was no significant difference in the range of motion of the
AP, TR and AA profiles, this may be why the wear rates were also similar.
The increase in variation in the kinematics between stations with the resected ACL & PCL
soft tissue condition may be due to the decrease in spring tensions resulting in differences in
friction between stations having a greater effect on the kinematics. With less stabilisation
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from the soft tissue condition the differences between the stations resulted in more of an effect
on the kinematics. However for all of the wear studies there was found to be no correlation
between the differences in kinematics between stations or tibial inserts with the wear rates.
5.7.6 Conclusions
Overall the soft tissue conditions had a significant effect on the output kinematics and wear
rates of the TKR in this study. The use of the lower tension resected ACL & PCL soft tissue
condition with a CR TKR was to replicate a patient with a damaged or degraded PCL after
surgery. Conversely the stiff knee soft tissue condition replicated a patient without enough
ligament release during surgery or due to a thicker than necessary tibial insert. The lower
tension resected ACL & PCL soft tissue condition resulted in similar wear to the resected ACL
condition, however it also resulted in increased displacements and more unbalanced loading.
This may result in instability and reduce patient satisfaction.
The stiff knee soft tissue condition resulted in significantly lower wear rates than the
resected ACL soft tissue condition, it was also the only soft tissue condition to maintain
contact on both sides of the tibial insert at all the points studied.
These results imply that higher tension soft tissue conditions may result in better outcomes
for the patient. However this study has only investigated the mechanical impact of the soft
tissue conditions and not any impact on patient satisfaction. For example the stiff knee
soft tissue condition may result in a restricted range of motion, especially under high flexion
conditions, and therefore lower patient satisfaction.
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Chapter 6
The Influence of Alignment on the
Mechanics and Wear Rate of a TKR
6.1 Introduction
The aim of this study was to investigate the effect of component alignment on the output
kinematics, contact area and wear rate of a TKR. In order to do this five alignment conditions
were defined in order to represent the range found in vivo; mechanical alignment, 4° varus
joint line, 14° femorotibial rotational mismatch, 10° tibial slope and values recommended to
achieve kinematic alignment.
All the alignment conditions were studied under the same soft tissue condition; the stiff
knee soft tissue condition defined in the previous chapter. These springs were based on clinical
data in order to represent a stiff knee and were chosen to provide stability to the alignment
conditions, allowing all of them to be studied.
Experimental studies were carried out with a knee simulator in order to find the output AP,
TR and AA displacements under each of the alignment conditions. The output displacements
were then compared between the alignment conditions in order to determine their effect.
The contact area was also measured at four different points in the gait cycle for each
alignment. The four points in the cycle were defined to represent the range of motion and
loading that occurred.
Finally four wear studies were run for 2MC with the mechanical, varus, rotated and tibial
slope alignment conditions to determine whether the alignments would result in different wear
rates.
The computational model was then validated using the experimental data described in this
chapter under all the alignment conditions. The output kinematics and contact areas were
compared between the experimental and computational data for each alignment condition.
Parametric testing was then carried out with the computational model to investigate the
effect of a further set of alignment conditions; 4° and 2° varus, 14°, 8° and 4° rotational
mismatch, 10° and 4° posterior tibial slope as well as the experimental kinematic alignment
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values and half the kinematic alignment values used for the experimental study. The output
kinematics, contact pressure and contact area were then compared between the alignment
conditions and the mechanical alignment condition. These were all carried out under the stiff
knee soft tissue condition.
6.2 Materials
All the studies were carried out using DePuy Sigma (DePuy Synthes, Leeds, UK) fixed bearing,
right knee components. The tibial inserts were moderately crosslinked UHMWPE (5MRad
irradiated and re-melted GUR1020 XLK). The tibial inserts used for the varus, rotated and
tibial slope wear studies were new inserts from batches 8466296 and 8466300 (part number
1581-13-110).
The femoral components had been used in previous studies, to ensure this would not affect
the wear results the femorals were polished in order to remove any scratches.
The lubricant was 25% bovine serum (Life Technologies, New York, USA) in 0.04% sodium
azide solution (Severn Biotech Ltd, Worcestershire, UK) and was changed approximately every
350,000 cycles. The contact area measurements were carried out using a Tekscan (Tekscan
Inc., Boston, USA) pressure mapping sensor as detailed in Section 2.2.
The soft tissues were simulated using virtual springs within the simulator, the profiles of
the virtual springs were changed to represent different soft tissue constraints. In order to
represent different component alignments femoral and tibial fixtures were designed and made
that allowed the tibial and femoral components to be inserted into the simulator in the desired
positions.
6.3 Methods
6.3.1 Alignment conditions
A literature review was conducted to identify relevant studies which detailed the surgical
technique used and reported the post-surgical component position. The studies included
used an intramedullary guide for femoral alignment and an extramedullary guide for tibial
alignment which is the routine clinical practice. None of the studies included revision surgery
or patients with large preoperative varus/valgus, used cadavers and all measured the angles
of the components with the same methods.
For coronal alignment the studies included were those where the angles were measured
using a weight bearing, long leg radiograph. The angle of the tibial component was defined
as the angle between the base of the tibial tray and the anatomical axis of the tibia. The
angle of the femur was defined as the angle between the mechanical axis of the leg and the
tangent to the femoral condyles. There were eight studies that fit these criteria and the range
in tibial, femoral and tibiofemoral component alignments are shown in Table 6.1. A value of
4° was chosen in order to represent the common range of tibial and femoral alignment found
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in vivo. This represented a 4° varus joint line where error in the initial tibial bone cut was
carried across into the femoral bone cut. A varus angle was also chosen as previous studies
had found that varus alignment resulted in worse outcomes than valgus alignment [189, 195].
Table 6.1: Results from studies on the amount of variation in TKR position in the coronal
plane. A negative value represents a varus alignment and a positive value valgus
Study
Number of Tibial Femoral
Subjects (°) (°)
[89] 100 -6 to +2 -4 to +10
[13] 51 -4 to +4 -5 to +5
[38] 50 Not Reported -5 to +4
[137] 39 -3.7 to +5.1 -6 to +1.8
[48] 29 -3 to +8 -1 to +6
[55] 30 -3 to +5 -6 to +3
[209] 29 -2 to +4 -5 to +8
[59] 50 -3 to +3 -4 to +3
The studies included for the rotational alignment of knee components were those measured
using CT scans and using the Perth or Berger CT protocol were included as they use the same
methods [33, 50]. The studies that met these criteria and the maximum tibiofemoral rotational
mismatch found in each study are shown in Table 6.2. A value of 14° rotational mismatch
was chosen for this study in order to represent the ranges found in each of the five studies.
The femoral component was rotated 7° internally and the tibial component 7° externally.
Table 6.2: Results from studies on the maximum rotational mismatch of TKR components
Study
Number of Tibiofemoral
Subjects Mismatch (°)
[127] 159 13
[51] 36 11
[96] 22 13.6
[26] 56 18.6
[148] 26 22.1
For the sagittal alignment the studies included were those where CT scans were used to
calculate the alignment angle according to the Perth CT protocol. The surgical guidelines for
this TKR are for no tibial slope and the tibial cut to be perpendicular to the tibial axis. The
studies included used TKRs with the same guidelines for the tibial slope. The four studies
that met these criteria are shown in Table 6.3, in 3 of the 4 studies the maximum posterior
tibial slope was 10°, therefore this alignment was chosen.
The final alignment condition was based on clinical data found after using kinematic align-
ment methods [133]. Kinematic alignment may result in the femoral and tibial components
at different angles relative to the mechanical axis of the leg, which could affect the contact
patterns and kinematics. For each component alignment the value at 95% CI away from the
mean was used as the value for this fixture; 2.5° femoral valgus, 3.4° tibial varus and 4.6°
posterior tibial slope.
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Table 6.3: Results from studies on the variation in TKR position in the sagittal plane. A
negative value represents an anterior tibial slope
Study
Number of Tibial
Subjects Slope (°)
[127] 159 -1 to +13
[51] 36 +1 to +10
[96] 22 +1 to +10
[101] 27 -1 to +10
Five alignment conditions were studied experimentally; mechanical alignment, 4° varus
joint line, 14° femorotibial rotational mismatch, 10° tibial slope and after kinematic alignment
during surgery (Table 6.4 and Figures 6.1 and 6.2). The alignment values were chosen to
represent the range of alignment found in vivo (Tables 6.1, 6.2 and 6.3).
Table 6.4: The femoral and tibial component positions in the coronal, sagittal and transverse
planes relative to mechanical alignment under each alignment condition studied
Condition
Femoral Component Tibial Component
Coronal Sagittal Transverse Coronal Sagittal Transverse
Mechanical 0° 0° 0° 0° 0° 0°
Varus 4° varus 0° 0° 4° varus 0° 0°
Rotated 0° 0° 7° internal 0° 0° 7° external
Tibial Slope 0° 0° 0° 0° 10° posterior 0°
Kinematic 2.5° valgus 0° 0° 3.4° varus 4.6° posterior 0°
The varus joint line alignment is a result of the femoral and tibial cuts being made at an
angle to the mechanical axis of the leg in the coronal plane (Figure 6.1 (c)). The tibial slope
alignment is a result of the tibial cut being made at an angle that is not perpendicular to the
mechanical axis of the leg (Figure 6.2 (c)). The kinematic alignment is a combination of the
femoral and tibial cuts being made at an angle to the mechanical axis in both the coronal
and sagittal planes (Figures 6.1 (d) and 6.2 (d)). While the rotated alignment condition is
partially due to the femoral bone cuts being made at an angle to the centre of the femoral
(Figure 6.3 (c)) and the tibial component being cemented on to the at an angle to the centre
of the tibia. In this study the rotational mismatch was split evenly between the femoral and
tibial components, therefore an angle of 7° was applied to both components.
Kinematic alignment methods aim to maintain the natural geometry of the knee, keeping
the axes of motion constant and does not include any soft tissue releases. The aim of kinematic
alignment is to keep the motion and geometry of the knee as natural as possible. The kinematic
alignment condition was based on a study into the postoperative component alignment after
kinematic alignment methods were used [133]. For each component alignment a value was
taken at the 95% CI away from the mean giving a tibial varus angle of 3.4°, a posterior tibial
slope of 4.6° and a femoral valgus angle of 2.5°. These were chosen to represent the range of
alignments determined in vivo after kinematic alignment.
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(a) Natural knee (b) Mechanical
alignment
(c) Varus align-
ment
(d) Kinematic
alignment
Figure 6.1: Diagrams showing the natural knee and the mechanical, varus joint line and
kinematic alignments after the femoral and tibial bone cuts have been made in the coronal
plane. The mechanical axis of the leg is shown with a red dotted line and the collateral
ligaments shown in grey. As the mechanical axis of the leg will have changed after surgery
for the kinematic alignment condition the pre-surgical mechanical axis is shown in blue for
reference to the bone cut angles
6.3.1.1 Mechanical alignment
Under mechanical alignment conditions the femoral component centre of rotation was aligned
with the FE axis of the simulator (Figure 6.4). The AA axis passes through the proximal
surface of the tibial component and through the centre of the tibial fixture in the medial-lateral
direction. The AA axis was also parallel to the proximal tibial fixture surface.
6.3.1.2 4° Varus Joint Line
The varus fixture simulated the effect of a varus initial tibial or femoral cut rather than one
perpendicular to the anatomical axis of the leg. The femoral and tibial cuts are made relative
to each other so a varus initial cut would result in both of the components at a varus angle
relative to the mechanical axis of the leg. The centre of rotation for the femoral component
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(a) Natural knee (b) Mechanical align-
ment
(c) Tibial slope (d) Kinematic align-
ment
Figure 6.2: Diagrams showing the natural knee and the mechanical, tibial slope and kinematic
alignments after the femoral and tibial bone cuts have been made in the sagittal plane. The
mechanical axis of the leg is shown with a red dotted line.
(a) Natural knee (b) Mechanical alignment (c) Rotated alignment
Figure 6.3: Diagrams showing the natural knee and the mechanical and rotated alignments
after the femoral bone cuts have been made in the sagittal plane. The centre line of the
femoral is shown with a red dotted line
was at a 4° varus angle to the FE axis of the simulator (Figure 6.5). The FE axis crossed the
axis of the centre of rotation of the femoral component at the centre of the femoral fixture in
the medial-lateral direction. The same alignment was applied to the tibial component so that
the tibial and femoral components were parallel. This meant that the tibial component could
be cemented into position relative to the femoral component. The AA axis passed through
the proximal surface of the tibial insert at the centre of the tibial fixture in the medial lateral
direction.
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Figure 6.4: Femoral and tibial fixtures for mechanical alignment along with the locations of
the FE and AA axes of the simulator and the femoral component centre of rotation
Figure 6.5: Femoral and tibial fixtures for varus alignment along with the locations of the FE
and AA axes of the simulator and the femoral component centre of rotation
6.3.1.3 10° Posterior Tibial Slope
The tibial slope alignment simulated the effect of a posteriorly sloped tibial cut rather than
perpendicular to the axis of the tibia in the sagittal plane. This did not affect the alignment of
the femoral component, which was kept in the mechanical alignment position. The increased
tibial slope was achieved using a fixture that resulted in a 10° posterior tibial slope (Figure
6.6). As before the AA axis passed though the medial-lateral centre of the tibial fixture and
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through the proximal tibial insert surface at the anterior-posterior centre of the tibial fixture.
Figure 6.6: Femoral and tibial fixtures for tibial slope alignment along with the locations of
the FE and AA axes of the simulator and the femoral component centre of rotation
6.3.1.4 14° Rotational Mismatch
The rotational alignment of the femoral and tibial components can be difficult to ascertain
during surgery due to a lack of external landmarks. The rotational mismatch study simulated
the effect of the components being rotationally malaligned with respect to each other. The
femoral component was rotated 7° internally and the tibial component 7° externally (Figure
6.7).
Figure 6.7: Femoral and tibial fixtures for rotated alignment along with the locations of the
FE and AA axes of the simulator and the femoral component centre of rotation
The axis of the centre of rotation of the femoral component was at an angle of 7° to the
FE axis of the simulator in the transverse plane. Otherwise the femoral component was in the
175 Chapter 6. Influence of Alignment
same position within the simulator. The same was true of the tibial component; it was rotated
purely in the transverse plane around the centre of the tibial fixture. In order to cement the
tibial component relative to the femoral component the simulator software was used to rotate
the tibial component by 14° to be aligned with the femoral component.
6.3.1.5 Kinematic Alignment
The axis of the centre of rotation of the femoral component was at an angle of 2.5° valgus to
the FE axis of the simulator in the coronal plane (Figure 6.8). The proximal surface of the
tibial fixture had a slope of 4.6° posteriorly and 3.4° medially. The centre of the surface was
aligned with the AA axis of the simulator. The centre of the tibial fixture surface remained
at the same height as for the mechanical alignment condition.
Figure 6.8: Femoral and tibial fixtures for kinematic alignment along with the locations of
the FE and AA axes of the simulator and the femoral component centre of rotation
6.3.2 Kinematics
For each of the five alignment conditions 10 consecutive cycles were recorded on each of the
6 stations of the simulator. The output AP, TR and AA profiles were then averaged across
the simulator in order to determine the average displacements and 95% CI.
The average output profiles were then compared between the different alignment conditions
using minimum and maximum points in the output profiles as defined in Chapter 2 (Figure
6.9). Points A-D were defined in the AP profile, points E-H in the TR profile and points I-K
in the AA displacement profile.
The range of motion in the displacement profiles were also compared between studies; this
was defined as the difference between the maximum and minimum point in the displacement
profile.
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(a) AP Displacement (b) TR Rotation
(c) AA Rotation
Figure 6.9: The maximum and minimum points in the AP, TR and AA displacement profiles
used for comparison between studies
6.3.3 Contact Area
For each alignment condition four points within the gait cycle were measured using the Tekscan
sensor; the first at 5% gait where the initial peak in the AP force occurs, the second at 45%
gait where the last peak in the AF occurs, the third at the point in the cycle where the
combined AP and TR displacement were at their maximum and the fourth point at 72% gait
where the FE was at its peak (Figure 6.10).
The displacements and loads at these points were determined for each spring condition
(Tables A.1 to A.5).
The contact area was measured on 5 stations of the simulator at each point in the cycle
for each alignment condition. The AA motor was not functional on the 6th station and was
therefore not used for the study. The average and 95% CI of the contact area position and
size was then determined for each point in the cycle.
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Figure 6.10: The input axial force, flexion-extension, AP force and TR torque profiles with
the four points in the cycle where the contact area was measured
6.3.4 Wear rate
In order to investigate the effect of the alignment constraints on the wear rates four different
wear studies were carried out. A wear study of 2MC was carried out for each of four alignment
conditions; mechanical, varus, rotated and tibial slope. A wear study was not carried out with
the kinematic alignment condition as the contact results were not representative of those in
vivo.
At the end of each wear study the change in the output kinematics over time was invest-
igated to determine whether the kinematics changed as the wear scar was formed. The wear
rates between each of the inserts were then compared to determine whether there were similar
differences in the wear rates over time as described in Section 2.3.7.
The variation between the stations was also investigated. Any significant differences in
the kinematics were then compared to the wear rates on each station to determine whether
the differences in kinematics may have affected the wear rates.
The size, position and areas of the wear scars at the end of each wear study were also
determined and compared between wear studies.
Before and after each wear study the surface roughness of the superior surface of the tibial
inserts and the inferior surface of the femoral components were measured. Any significant
change in surface roughness may be due to third body damage to the components. Over time
this damage may result in increased wear.
During each wear study the bulk temperature of the serum was measured in order to
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determine any differences in running temperatures. The mean and 95% CI of the station and
soak serum temperatures were compared between the different wear studies.
A one way ANOVA with significance taken at p<0.05 using IBM SPSS Statistics 22 was
used. Depending on the homoscedasticity either a post hoc Tukey’s test or a Games-Howell
test was carried out, with significance taken at p<0.05, to determine the differences between
the groups.
6.3.5 Validation of Computational Model
The experimental and computational data was compared for each alignment condition studied
experimentally; mechanical, varus, rotated, tibial slope and kinematic alignment.
This was first done by comparing the output AP, TR and AA displacements between
the experimental and computational results. The correlation between the experimental and
computational displacements was determined and a correlation coefficient above a value of
0.7 was determined to be a good correlation.
The contact at the same four points in the gait cycle where the Tekscan sensor was used
to measure the contact area experimentally were then found for the computational model.
The position of the tibiofemoral contact and the contact area were then compared between
the computational and experimental results.
6.3.6 Parametric testing with Computational Model
In order to investigate a wider range of alignment conditions the computational model was
used for parametric testing.
Varus alignment with values of 0°, 2° and 4°, rotational mismatch values of 0°, 4°, 8° and
14° and a posterior tibial slope with values of 0°, 4° and 10° were then developed and tested.
Finally the kinematic alignment values were varied in order to represent a range of com-
ponent positions that may occur after kinematic alignment methods are used during surgery.
The component alignments tested experimentally were 95% CI away from the mean values
and were therefore the most extreme alignment values tested. Five component positions were
tested, these ranged equally from mechanical alignment to the kinematic alignment condition
tested experimentally (Table 6.5).
Table 6.5: Kinematic alignment component positions studied computationally
Test
Femoral Tibial
Coronal (° valgus) Coronal (° varus) Sagittal (° posterior)
Mechanical 0 0 0
Half Experimental Values 1.2 1.7 2.3
Experimental Values 2.5 3.4 4.6
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6.4 Experimental Results
6.4.1 Effect on Kinematics
The mean anterior-posterior, tibial rotation and abduction-adduction displacement profiles
were determined for each of the five alignment conditions.
6.4.1.1 AP Displacement
The AP displacement profiles for each component alignment follow a similar profile shape;
an initial peak at around 5% gait followed by a larger peak at 60% gait (Figure 6.11). The
mechanical, varus and rotated components had the most similar profile shapes with the varus
and rotated profiles having a larger amplitude compared to mechanical alignment. The varus
and rotated components had a significantly larger initial peak than the other alignments at
point A, both with values of 1.6mm (p<0.01).
The tibial slope and kinematic alignments had significantly more anterior displacement for
most of the cycle at points A, B and C (p<0.01). The kinematic and tibial slope alignments
were also the only alignment conditions that resulted in anterior displacement, the other
alignments had purely posterior displacements.
Figure 6.11: Average AP displacement (mm) profiles using the stiff knee soft tissue condition
for all alignment conditions with the 95% CI shown in dotted lines
The kinematic alignment resulted in significantly higher range of motion across the whole
AP profile of 3.8mm compared to all the other alignments while the mechanical and rotated
alignments had significantly lower AP ranges of motion than the varus and tibial slope align-
ments (p<0.01).
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6.4.1.2 TR rotation
The mechanical and varus components had similar TR rotation output profiles; there was no
significant difference between the two profiles at any point in the cycle (Figure 6.12).
The tibial slope and kinematic alignments also resulted in similar profile shapes but with
different peak TR rotations. The rotated alignment condition however had a different profile
shape which was not centred around zero, unlike all the other alignment conditions.
Figure 6.12: Average TR rotation (°) profiles using the stiff knee soft tissue condition for all
alignment conditions with the 95% CI shown in dotted lines
Throughout the cycle from points E-G the rotated alignment condition resulted in signi-
ficantly higher TR rotation than all the other alignment conditions (p<0.01).
The tibial slope alignment had a significantly lower TR rotation at points E and F in the
cycle than the other alignments (p<0.01).
The rotated alignment resulted in a significantly higher range of motion of 11.3° compared
to the other alignments (p<0.01).
6.4.1.3 AA Rotation
The mechanical, varus and tibial slope alignments resulted in similar AA rotation profiles.
The kinematic alignment resulted in a similar profile shape but with around 2° more abduction
motion throughout the cycle. The rotated alignment had higher peak AA rotations as well as
having a larger range of motion than the other profiles.
At point I the rotated components had a significantly higher AA rotation compared to
the other alignments (p<0.04), the kinematic alignment also resulted in a significantly higher
AA rotation compared to the mechanical and tibial slope conditions (p<0.05).
At point J the kinematic alignment had a significantly higher AA rotation of 2.4° compared
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Figure 6.13: Average AA rotation (°) profiles using the stiff knee soft tissue condition for all
alignment conditions with the 95% CI shown in dotted lines
to all the other alignments which had adduction motion at this point (p<0.04). At point K the
rotated alignment had a significantly higher adduction displacement compared to the other
alignment conditions (p<0.01).
The rotated alignment had a significantly higher range of motion across the cycle compared
to all the other alignments (p<0.01). The kinematic and varus alignments had significantly
lower ranges of motion than all the other alignments (p<0.01).
6.4.2 Effect on Contact Area
The contact area of each alignment condition was measured using a Tekscan sensor at four
points in the gait cycle, the forces and displacements at each of these points is shown in Table
A.5.
Table 6.6 and Figure 6.14 show the mean contact areas for each alignment condition along
with the 95% CI (n=5).
Table 6.6: The contact area (mm²) on the tibial insert at each point in the cycle for each
alignment condition (mean±95%CI, n=5)
Point Mechanical Varus Rotated Kinematic Tibial Slope
1 91.3±4.2 89.1±24.4 92.1±15.2 84.3±12.5 125.4±34.9
2 139.8±3.6 181.9±18.3 154.3±22.6 120.0±13.9 153.1±85.6
3 45.4±1.6 62.6±35.1 128.3±22.3 42.9±9.7 29.0±11.3
4 15.6±2.5 7.1±5.0 6.0±4.3 14.5±4.5 35.7±63.6
At point 1 most of the alignment conditions resulted in similar contact areas however the
tibial slope alignment resulted in a significantly higher total contact area than all the other
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Figure 6.14: The average contact area for all the alignment conditions with the stiff knee soft
tissue condition at each measured point in the gait cycle with error bars showing the 95% CI
(n=5)
alignments at this point (p<0.01).
For all the alignment conditions there was more variation in the contact areas at point 2
in the cycle between the alignment conditions. The tibia slope alignment condition resulted
in a high 95% CI.
At point 3 the rotated alignment had a significantly higher total contact area than all
other alignments (p<0.02). The varus alignment resulted at a higher 95% CI than the other
alignment conditions at this point.
At point 4 the rotated alignment had a significantly lower total contact area than the
mechanical or kinematic alignments (p<0.04). The tibial slope alignment resulted in the
highest contact area, however it also had a very high 95% CI therefore there was no significant
difference.
Figure 6.15 shows the position of the average contact areas for each alignment condition
with the 95% CI shown with dotted lines.
The mechanical alignment condition resulted in both medial and lateral contact at each
of the four points in the cycle. There was also no contact on the edge of the tibial insert.
However under the varus alignment condition there was only medial contact at point 2
in the cycle. This suggests that the varus alignment condition resulted in unbalanced tibial
loading.
The rotated alignment condition resulted in more posterior medial contact and more an-
terior lateral contact than the other alignment conditions. The rotated alignment condition
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(a) Mechanical (b) Varus
(c) Rotated (d) Tibial Slope
(e) Kinematic
Figure 6.15: The average contact areas with 95% CI shown in dotted lines (n=5) for each
alignment condition at each point in the cycle with the stiff knee soft tissue condition
also resulted in unbalanced loading with only lateral contact in the first half of the cycle and
only medial contact at the end of the cycle.
The tibial slope alignment resulted in more posterior tibiofemoral contact than the other
alignment conditions. There was medial and lateral contact for the first half of the cycle but
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then only lateral contact at points 3 and 4.
The kinematic alignment did not result in any medial contact and was the only alignment
to do so. The lateral contacts were all central in the tibial condyle and did not get close to
the tibial edge. As the gait cycle progressed the contact areas were more posterior than the
previous one.
The mechanical and kinematic alignment conditions were the only ones where the contact
did not occur close to the posterior edge of the tibial insert at the end of the gait cycle.
6.4.3 Effect on Wear
Wear studies were carried out for 2MC with the mechanical, varus, rotated and tibial slope
alignment conditions. Wear studies were not carried out with the kinematic alignment condi-
tion as the contact was not representative of the conditions in vivo.
6.4.3.1 Wear rates
The wear rates for the mechanical, varus, rotational mismatch and tibial slope alignments
were 1.58±1.20mm³/MC, -0.10±1.00mm³/MC, 10.05±4.37mm³/MC and 9.24±2.80mm³/MC
respectively (Figure 6.16). The wear rates for the rotated and tibial slope alignments were
significantly higher than the other alignment conditions (p<0.01). The varus alignment also
resulted in a significantly lower wear rate than all the other alignment conditions (p<0.04).
The negative wear value under the varus alignment is due to the wear rate being too low to
be measured accurately rather than an actual increase in weight.
Figure 6.16: Wear rates over 2MC with the stiff knee soft tissue condition for mechanical, 4°
varus, 14° rotational mismatch and 10° tibial slope alignment conditions with 95% CI
The wear volume over the wear study under mechanical alignment for each station on the
simulator and each tibial insert are shown in Figure 6.17 (a). On all the inserts that ran for
the full study under the mechanical alignment condition the wear volume was higher after
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2MC than after 1MC (Figure 6.17 (b)). Station 4 was only run for the first MC in this study
and could not be run for the second MC due to issues with the station. This difference in
wear volume could be due to the formation of wear scars during the study. After 2MC insert
1 and insert 5 resulted in higher wear rates of 2.7mm³/MC and 2.0mm³/MC than the other
inserts which resulted in values of around 1mm³/MC.
(a) Station Wear Volumes (b) Tibial Insert Wear Volumes
Figure 6.17: The wear volumes (mm3) for each tibial insert and each station on the simulator
over 1MC and over 2MC with the mechanical alignment and stiff knee soft tissue condition
The wear volume for each station of the simulator under the varus alignment and stiff
knee soft tissue condition were determined at 1MC and 2MC (Figure 6.18 (a)). There was
variation between the stations of the simulator with station 1 resulting in the highest wear
volume throughout the study. After 1MC stations 2, 4, 5 and 6 resulted in negative wear
volumes. This suggests that the wear volume is too low to be measured accurately and may
be the cause of the variation between the stations. However after 2MC only stations 4 and
5 resulted in a negative wear volume. Three stations resulted in a higher wear rate over the
second MC, while two resulted in a lower wear rate.
Tibial insert 1 resulted in a much higher wear volume than any of the other inserts (Figure
6.18 (b)). All the other inserts resulted in negative wear volumes at the end of the study.
Again this suggests that the wear volume is too low to be measured accurately.
With the rotated alignment after the first MC stations 1 and 4 had higher wear volumes
of 14.5mm³ and 14.2mm³ respectively (Figure 6.19 (a)).
However in the second MC station 4 was not running and the wear rate on station 1 was
lower resulting in an overall wear volume of 22.6mm³ over the whole study. Of the five stations
that ran for 2MC three stations resulted in a higher wear rate after 2MC than after 1MC.
After 1MC inserts 3 and 6 had higher wear rates than the other inserts (Figure 6.19 (b)),
however their wear rates then decreased after 2MC but remained higher than the other three
inserts. Inserts 3 and 6 had higher wear volumes than the other inserts.
After the first MC with the tibial slope alignment there there was a range in the wear
volume between stations from 0.9mm³ to 13.7mm³ (Figure 6.20 (a)). This variation then
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(a) Station Wear Volumes (b) Tibial Insert Wear Volumes
Figure 6.18: The wear volumes (mm3) for each tibial insert and each station on the simulator
over 1MC and over 2MC with the varus alignment and stiff knee soft tissue condition
(a) Station Wear Volumes (b) Tibial Insert Wear Volumes
Figure 6.19: The wear volumes (mm3) for each tibial insert and each station on the simulator
over 1MC and over 2MC with rotated alignment and stiff knee soft tissue condition
increased after 2MC to varying between 1.8mm³ and 22.9mm³. Station 4 had the lowest wear
rate throughout the study while station 2 had the highest wear rate.
A similar relationship occurred with the tibial inserts, however the wear rate of tibial
insert 3 decreased during the second MC compared to the first MC (Figure 6.20 (b)). There
was a range in the wear volume of 1.8mm³ to 25.0mm³ at the end of the study.
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(a) Station Wear Volumes (b) Tibial Insert Wear Volumes
Figure 6.20: The wear volumes (mm3) for each tibial insert and each station on the simulator
over 1MC and over 2MC with the tibial slope alignment and stiff knee soft tissue condition
6.4.3.2 Kinematic variation during simulation
Under the mechanical alignment condition there was no significant change in the AP range
of motion during the wear study (p=0.47). However the range of motion of the TR rotation
was significantly lower at 1MC with a value of 3.0° compared to 3.5° at 0MC and 3.3° at
2MC (p<0.01). The AA range of motion was significantly higher at 2MC with a value of 1.2°
compared to 0.8° and 0.9° at 0MC and 1MC respectively (p<0.01). The differences in the
range of motion during the wear study were small and did not follow an obvious trend.
Under the varus alignment condition there were only small changes in the AP and TR
ranges of motion during the study. The AP range of motion at 0MC was significantly higher
than the value at 1MC with values of 2.6mm and 2.5mm respectively (p=0.02). The TR
range of motion was significantly higher at 2MC compared to 0MC with values of 3.7° and
3.2° respectively (p=0.05). There was no significant difference in the AA range of motion
during the study (p=0.08) and the differences in AP and TR motion were small.
With the rotated alignment condition there was no significant difference in the AP range
of motion during the wear study (p=0.64). The TR range of motion was significantly higher
at 0MC with a value of 11.9° compared to at 2MC with a value of 11.4° which was a small
change in value (p=0.02). The difference in the TR range of motion was small and would
have had a negligible impact on the wear. However at 2MC the AA range of motion resulted
in a significantly higher value of 5.3° compared to 3.6° and 3.5° at 0MC and 1MC respectively
(p<0.01).
With the tibial slope alignment condition there was no significant difference in the AP
range of motion during the wear study (p=0.97). However the range of TR motion was
significantly lower at 0MC with a value of 3.5° compared to 3.9° at 1MC and 4.2° at 2MC
(p<0.01).
The range of AA motion was significantly lower at 2MC with a value of 0.4° compared to
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0.9° at 0MC and 0.8° at 1MC (p<0..01). However the differences in the TR and AA motion
were small.
6.4.3.3 Station variation during simulation
Under the mechanical alignment condition three stations; stations 1, 2 and 5, resulted in
significantly higher AP ranges of motion (p<0.01). There was more variation in the TR and
AA ranges of motion. However there was no positive correlation between the differences in
wear rate and the differences in the ranges of motion between stations or between tibial inserts
(Figure 6.21).
(a) Station Range of Motion vs Wear Rate (b) Tibial Insert Range of Motion vs Wear Rate
Figure 6.21: The correlation between the wear rate and range of motion under the mechanical
alignment condition for the stations (a) and the tibial inserts (b)
With the varus alignment condition stations 1 and 3 resulted in significantly higher AP
ranges of motion (p<0.01). Stations 3 and 4 resulted in significantly higher TR ranges of
motion, while station 1 resulted in a significantly lower value (p<0.01). However stations
1 and 6 resulted in significantly higher AA ranges of motion (p<0.01). There was some
correlation with a decrease in the TR range of motion and an increase in the AA range of
motion as the wear rate increased (Figure 6.22 (a)). However this mainly occurred over a
wear rate range of 0 - 0.6mm³/MC and the differences in the ranges of motion were small. A
similar correlation between the ranges of motion and wear rates of each tibial insert (Figure
6.22 (b)).
With the rotated alignment condition all the stations resulted in significantly different
ranges of AP motion with the values increasing from 2.2mm to 5.6mm in the order of station
1, 2, 3, 4, 5 and 6 (p<0.01). All the stations apart from stations 2 and 6 again resulted in
significantly different TR ranges of motion ranging from 10.6° on station 1 to 12.8° on station
3 (p<0.01). There was less variation in the AA range of motion with station 1 and 2 resulting
in significantly higher values than stations 3, 4 and 5 (p<0.01). This alignment condition
resulted in the most significant differences between the stations of the simulator. However
there was no positive correlation between the differences in the ranges of motion between each
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(a) Station Range of Motion vs Wear Rate (b) Tibial Insert Range of Motion vs Wear Rate
Figure 6.22: The correlation between the wear rate and range of motion under the varus
alignment condition for the stations (a) and the tibial inserts (b)
(a) Station Range of Motion vs Wear Rate (b) Tibial Insert Range of Motion vs Wear Rate
Figure 6.23: The correlation between the wear rate and range of motion under the rotated
alignment condition for the stations (a) and the tibial inserts (b)
station and the wear rates (Figure 6.23 (a)). There was also no positive correlation between
the ranges of motion and wear rates of each tibial insert (Figure 6.23 (b)).
With the tibial slope alignment condition there was a significant difference in the AP range
of motion between all of the stations with values ranging from 2.4mm to 6.9mm (p<0.01).
Stations 3 and 5 resulted in significantly higher TR ranges of motion with values of 4.7°
compared to values ranging from 2.5° to 4.0° on the other stations (p<0.01). There was less
variation in the AA range of motion with stations 1, 2, 3 and 5 resulting in higher values than
station 6 (p<0.01).
However there was no positive correlation between the differences in the ranges of mo-
tion between each station and the wear rates (Figure 6.24 (a)). There was also no positive
correlation between the ranges of motion and wear rates of each tibial insert (Figure 6.24 (b)).
Chapter 6. Influence of Alignment 190
(a) Station Range of Motion vs Wear Rate (b) Tibial Insert Range of Motion vs Wear Rate
Figure 6.24: The correlation between the wear rate and range of motion under the tibial slope
alignment condition for the stations (a) and the tibial inserts (b)
6.4.3.4 Wear scars
The average wear scars on the varus, rotational mismatch and tibial slope studies were de-
termined (Figure 6.25). As the mechanical alignment study was not carried out on new tibial
inserts the wear scars for this study were not able to be analysed.
Figure 6.25: Average wear scar outlines after 2MC with stiff knee soft tissue condition for 4°
varus, 14° rotational mismatch and 10° tibial slope
The rotational mismatch alignment resulted in less symmetrical wear scars; the lateral wear
scar was more anterior and asymmetrical. The lateral wear scar for the rotated components
was more anterior than for the other alignments. However with the varus and tibial slope
alignments the medial and lateral wear scars were more similar in shape and position.
The area of each wear scar was determined for each alignment condition (Table 6.7); the
varus alignment resulted in a significantly larger medial wear scar than the rotational
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Table 6.7: Wear scar areas (mm²) for each alignment condition after 2MC with the stiff knee
soft tissue condition (mean±95%CI, n=6)
Alignment Lateral Medial Total
Rotational Mismatch 308.6±63.11 280.4±18.19 589.0±75.97
Varus 290.9±33.94 350.5±23.63 641.3±28.63
Posterior Tibial Slope 270.0±35.2 331.2±16.12 601.2±43.1
mismatch and tibial slope alignments (p<0.01).
For the varus and tibial slope alignments the area of the medial wear scar was determined to
be significantly higher than the lateral wear scar (p<0.01). There was no significant difference
between the areas of the medial and lateral wear scars using the rotated components.
The varus alignment did not result in any overlap between the wear scar and the edge of
the tibial insert. However with the tibial slope components there was overlap with the edge of
the tibial insert on 3 components; 2 on the medial side and 1 on the lateral side. The overlap
was small for two of the components; 0.01mm² and 1.27mm² on the third component. With
the rotated alignment there was also overlap between the wear scar and the edge of the tibial
insert on four of the components. One was on the lateral anterior side of 2.77mm² and the
other three were on the medial, posterior side of the insert with areas of 3.8mm², 3.75mm²
and 0.8mm².
6.4.3.5 Running Temperature
During each wear study the bulk temperature of the serum in each station was measured
in order to determine any differences in running temperature (Table 6.8). For each study
the running temperatures across the stations and soak controls were similar with the station
temperatures being within 0.7°c of each other and the soak controls being within 0.3°c of each
other.
Table 6.8: Mean running temperature (°C) with the 95% CI across the simulator of the
stations and soak controls during each wear study under the CS springs
Study Station Soak
Mechanical 28.7±0.3 26.5±0.6
Varus 28.5±0.3 26.2±0.5
Rotated 28.4±0.3 26.2±0.8
Tibial Slope 29.1±0.4 26.3±0.5
During each study the station temperatures were hotter than the soak controls by around
2°C, this was due to the friction and heat generated in each of the stations.
6.4.3.6 Surface roughness
The surface roughness of the femoral and tibial contact surfaces were measured at the start
and end of each wear study (Table 6.9). New tibial inserts were used for the rotated, varus
and tibial slope wear studies.
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Before the wear studies the average surface roughness of the tibials were similar, but the
mechanical alignment had higher tibial Ra values at the start of the test. There was also no
significant difference between the surface roughness of the femorals for the mechanical, varus
and tibial slope alignments. The surface roughness of the rotated femorals was determined
but they were then polished before testing in order to remove scratching, the approximate
surface roughness value was based on other femorals after polishing was 0.02±0.01 (n=3).
Table 6.9: Average surface roughness values (µm) for the femoral and tibial components at
the start and end of each wear study (mean±95%CI, n=6)
Alignment Femoral Tibial
Condition Start End Start End
Mechanical 0.053±0.026 0.053±0.035 0.329±0.178 0.338±0.160
Varus 0.036±0.004 0.045±0.018 0.215±0.007 0.317±0.114
Rotated approx. 0.02±0.01 0.028±0.010 0.221±0.028 0.232±0.155
Tibial Slope 0.044±0.024 0.117±0.028 0.229±0.016 0.303±0.065
The rotated tibial inserts also had some damage that was not due to wear; there were
small indents in the tibial surface mainly on the lateral edge. This may have occurred during
start up of the simulator; during the first 10 cycles only the AF and FE profiles were applied
while the AF was increased gradually to its peak value. As there were no TR or AP forces
the rotated components would remain at 14° rotational mismatch, the femoral may have been
impacting the lateral side of the tibial insert as the AF and FE profiles were applied resulting
in the indentation.
After the wear study using the varus alignment there was an increase in the surface rough-
ness of the tibial components but there was no change in the femoral components. The rotated
alignment wear study resulted in no significant change in the tibial or femoral components.
The tibial slope wear study resulted in a large increase in the surface roughness of the tibial
inserts and the femoral components.
There was no large difference in the roughness of the tibial inserts at the end of each wear
study however the tibial slope alignment had significantly rougher femoral components at the
end of the wear study than any of the other conditions.
6.5 Validation of Computational Model Under Different Align-
ment Conditions
In order to validate the computational model under each of the alignment conditions studied
experimentally the output kinematics and contact area were compared to the experimental
results. Validation of the computational model under the mechanical alignment condition was
carried out in the previous chapter. In this chapter the validation was carried out under the
remaining alignment conditions; 4° varus, 14° rotational mismatch, 10° posterior tibial slope
and kinematic alignment under the stiff knee soft tissue condition.
The mean experimental AP, TR and AA displacements were compared to the computa-
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tional predictions and the correlation between the two results determined. The position and
area of the tibiofemoral contact was also compared between the experimental results using
the Tekscan sensor to the computational model at four points in the cycle.
6.5.1 Varus Alignment Condition
The femoral component was rotated 4° around it’s centre of rotation in order to generate a
varus alignment. The tibial component was then rotated 4° around it’s centre of rotation to
generate varus alignment. The tibial centre of rotation was determined in the same way as
with the mechanical alignment condition.
6.5.1.1 Kinematics
The computational prediction of the AP, TR and AA displacements were compared to the
experimental values of the mean and 95% CI (Figure 6.26).
(a) AP Displacement (b) TR rotation
(c) AA Rotation
Figure 6.26: The AP (a), TR (b) and AA (c) displacements under the varus alignment
condition and stiff soft tissue condition using the experimental methods (mean with 95% CI
shown with dotted lines) and using the computational model
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The shape of the AP profiles between the two methods were similar, however the exper-
imental methods resulted in a higher initial peak. The computational prediction of the AP
displacement was consistently lower than the experimental result. From 50-100% gait the
computational prediction was within the 95% CI of the experimental data, however there was
more variation at the start of the gait cycle, particularly from 10-50% gait.
The computational prediction of the TR rotation profile was similar to the experimental
results and was within the 95% CI for most of the cycle. There was some variation between
the profile shapes; for example the computational prediction resulted in a sharper increase
to the peak value at 60%. The experimental results also resulted in a small peak in TR at
around 85% gait which was not present in the computational prediction.
There was the greatest difference between the computational and experimental results in
the AA rotation profiles. The computational prediction resulted in a peak at around 55% that
was lower and occurred later in the cycle with the experimental results. However for most of
the gait cycle the computational prediction was within the 95% CI of the experimental data.
There was a strong correlation in the AP displacement values between the computation
prediction and the experimental results; the correlation coefficient was 0.96 (Figure 6.27 (a)).
The gradient of the linear fit was 0.86 showing that the computational prediction of the AP
displacement was lower than the experimental result.
There was also a good correlation in the TR rotation between the results with an r-
squared value of 0.95 and a gradient of the linear fit of 0.95 (Figure 6.27 (b)). There was
some variation with the computational data resulting in higher TR rotation however the
computational prediction was still within the 95% CI of the experimental data for most of the
cycle.
However there was poor correlation in the AA rotation between the two results, with a
gradient of 0.25 and a correlation coefficient of 0.28 (Figure 6.27 (c)). The computational
prediction resulted in an AA rotation close to 0° from 0-40% gait and 70-100% gait. Between
40-70% gait there was a peak in the AA rotation profile. The profile shape of the AA rotation
was different in the experimental data, with a minima at around 15% gait and a smaller peak
at around 65% gait. There was therefore a weak correlation between the two. However the
AA rotation profile was within the 95% CI for most of the gait cycle.
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(a) AP Displacement gradient = 0.86 (b) TR rotation gradient =0.99
(c) AA Rotation gradient = 0.25
Figure 6.27: Correlation between the computational and experimental output kinematics for
the varus alignment condition under the stiff soft tissue condition
6.5.1.2 Contact Area
At points 1, 3 and 4 in the gait cycle the computational model resulted in both medial and
lateral contact which did not occur experimentally (Figure 6.28). The positions of the lateral
contact point were similar; it was centrally located in the lateral tibial condyle.
At point 2 both methods resulted in similar contact positions however the lateral experi-
mental contact area was larger.
The difference in loading between the two methods may be due to the differences in the
AA rotations; the experimental methods resulted in more adduction and therefore may have
caused more lateral loading.
The average contact area at each point in the cycle under the experimental and computa-
tional methods was determined (Table 6.10).
At all points in the cycle the computational prediction of the contact area was higher than
that determined experimentally. However both sets of results followed a similar trend with
the highest contact area occurring at point 2 in the cycle and the lowest at point 4. At points
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 6.28: Contact area under the varus alignment condition and the stiff knee soft tissue
condition at each point in the cycle using the computational (left with a red value showing
40MPa) and experimental methods right)
Table 6.10: The contact area (mm²) at each point in the cycle under the varus alignment
condition and stiff knee soft tissue condition using the computational and experimental
(mean±95%CI) methods
Point Experimental Computational
1 89.1±24.4 161.9
2 181.9±18.3 226.2
3 62.6±35.1 88.5
4 7.1±5.0 8.2
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3 and 4 the computational prediction was also within the 95% CI of the experimental
data.
6.5.2 Rotated Alignment Condition
The femoral component was rotated 7° internally around it’s centre of rotation. The tibial
component was then rotated 7° externally around it’s centre of rotation. This was determined
in the same was as with the mechanical alignment condition.
6.5.2.1 Kinematics
The AP displacement profiles were similar using both the experimental and computational
methods (Figure 6.29 (a)).
(a) AP Displacement (b) TR rotation
(c) AA Rotation
Figure 6.29: The AP (a), TR (b) and AA (c) displacements under the rotated alignment
condition and stiff knee soft tissue condition using the experimental methods (mean with 95%
CI shown with dotted lines) and using the computational model
However the computational prediction resulted in a lower peak AP displacement and lower
peak AP displacement at 5% gait. From 10% to 50% gait the computational prediction was
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higher than the experimental results. However from 50% to 90% gait the computational
prediction was lower than the experimental data.
For 10% to 60% the computational prediction of the TR rotation was within the 95% CI of
the experimental data (Figure 6.29 (b)). However the computational prediction did result in a
higher peak TR rotation at around 5% gait than the experimental data, which may be due to
the momentum of the tibial component rotating as the AF is applied. As the computational
prediction resulted in a lower TR rotation at the end of the gait cycle there may have been
higher momentum on the tibial component which resulted in a higher displacement.
The AA profile shapes between the computational and experimental data were similar
with minima at around 10% gait and around 70% gait with a maxima at 40% gait (Figure
6.29 (c)). However the computational prediction resulted in higher adduction throughout the
gait cycle, which may be due to the weight of the AA arm in the experimental simulator as
discussed previously.
There was a strong correlation in the AP displacements between the computational and
experimental methods (Figure 6.30 (a)).
(a) AP Displacement gradient = 0.76 (b) TR rotation gradient = 0.96
(c) AA Rotation gradient = 1.93
Figure 6.30: Correlation between the computational and experimental output kinematics for
the rotated alignment condition under the stiff knee soft tissue condition
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The linear fit of the data had a gradient of 0.76 and an r-squared value of 0.9. This implies
that at higher experimental AP displacement values the computational prediction resulted in
lower values; this corresponds to the computational prediction resulting in a lower peak AP
displacement.
There was also a strong correlation in the TR rotations between the two methods with
a gradient of 0.96 and an r-squared value of 0.96. There was some variation between the
two results where the computational TR rotation was between 8° and 12°. This section
corresponds to the initial peak at 5% gait that occurred in the computational prediction that
was not present in the experimental results.
There was also a strong correlation between the AA rotations with an r-squared value of
0.96. However the gradient of the linear fit was 1.9 showing that the computational prediction
resulted in higher AA rotation values than the experimental results throughout the gait cycle.
6.5.2.2 Contact Area
The contact area under the computational and experimental methods are shown for each point
in the cycle under the rotated alignment condition in Figure 6.31.
At points 1 and 2 in the cycle the positions of the medial and lateral contacts were different
between the two methods; the experimental data only resulted in a lateral contact whereas
the computational model resulted in both medial and lateral contact. This difference may be
due to the differences in kinematics at this point; the experimental data resulted in higher AA
rotation which may have resulted in just lateral contact. This difference in the AA rotation
may also have resulted in the different shaped lateral contact areas.
At points 3 and 4 the contact points were more similar between the two methods. At
point 3 the computational data resulted in a higher pressure on the medial condyle, again this
may be due to the differences in the AA rotation as the computational data resulted in more
adduction.
At point 4 the computational method resulted in a small, low pressure lateral contact
on the lateral edge of the tibial insert. This did not occur using the experimental methods,
however this could be due to the sensitivity or position of the Tekscan sensor.
The average contact area at each point in the cycle under the experimental and computa-
tional methods was determined (Table 6.11). At each point the computational model resulted
in higher contact areas, however the values and the trend across the cycle were similar. The
highest contact area values occurred at points 2 and 3 in the cycle and the lowest at point 4.
At points 2 and 4 in the cycle the computational prediction was also within the 95% CI of
the experimental data. Differences in the AA rotation and therefore the loading distribution
on the tibial insert may have resulted in some of the differences in contact area.
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 6.31: Contact area under the rotated alignment condition and the stiff knee soft tissue
condition at each point in the cycle using the computational (left with a red value for 85MPa
and blue for 0MPa) and experimental methods (right)
Table 6.11: The average contact area (mm²) at each point in the cycle under the rotated align-
ment condition and stiff knee soft tissue condition using the computational and experimental
methods
Point Experimental Computational
1 92.1±15.2 114.7
2 154.3±22.6 174.1
3 128.3±22.3 179.3
4 6.0±4.3 8.2
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6.5.3 Tibial Slope Alignment Condition
The tibial component was rotated 10° around it’s centre of rotation to generate a posterior
tibial slope. The position of the tibial centre of rotation was determined in the same way as
with the mechanical alignment condition.
6.5.3.1 Kinematics
The computational prediction of the AP displacement profile was a similar shape as the
experimental results (Figure 6.32 (a)). During the first half of the gait cycle the computational
prediction resulted in a higher AP displacement than the experimental results. However in
the second half of the gait cycle the computational prediction was close to the experimental
data.
(a) AP Displacement (b) TR rotation
(c) AA Rotation
Figure 6.32: The AP (a), TR (b) and AA (c) displacements under the tibial slope alignment
condition and stiff knee soft tissue condition using the experimental methods (mean with 95%
CI shown with dotted lines) and using the computational model
The computational prediction of the TR rotation was very similar to the experimental
results (Figure 6.32 (b)). The computational prediction resulted in a higher peak TR rotation
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however it was within the 95% CI of the experimental data for most the gait cycle.
The greatest difference between the two methods was with the AA rotation profile; the
computational prediction resulted in an AA rotation close to 0° for most of the cycle with
a peak at around 60% gait (Figure 6.32 (c)). The experimental methods resulted in a very
different profile shape with a maxima at 15%, a minima at 40% gait and a peak at 80% gait.
As discussed previously the difference in the AA rotation may be due to the weight of the AA
arm in the experimental simulator.
There was a good correlation between the AP displacement values from the computational
and experimental data with an r-squared value of 0.84 and a gradient of 0.75. (Figure 6.33 (a))
The higher predicted AP values during the first half of the gait cycle are shown by the line of
points crossing through (0,0.6). Otherwise the points in the cycle follow a strong correlation
between the two data sets.
(a) AP Displacement gradient = 0.75 (b) TR rotation gradient = 0.83
(c) AA Rotation gradient = 0.08
Figure 6.33: Correlation between the computational and experimental output kinematics for
the tibial slope alignment condition under the stiff knee soft tissue condition
There was also a strong correlation in the TR rotation; the linear fit had a gradient of
0.83 and an r-squared value of 0.94 (Figure 6.33 (b)). The area with the greatest difference
between the two data sets occurred at high TR rotation values. This corresponds to the higher
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peak TR rotation that occurred with the computational prediction.
As with the other alignment conditions there was a weak correlation in the AA rotation
values between the experimental and computational values (Figure 6.33 (c)). The linear fit
had a gradient of 0.08 and an r-squared value of 0.36, this reflects the differences in the AA
rotation profile shapes and values between the two methods.
6.5.3.2 Contact Area
At point 1 in the cycle the computational method resulted in a more anterior lateral contact
compared to the experimental methods, this difference may be due to differences in the TR
rotation at this point (Figure 6.34).
At points 2, 3 and 4 in the cycle the position of the contact points between the two
methods were similar but at all points the computational model resulted in a more medial
contact. This difference may be due to the differences in the AA rotation between the two
methods at this point.
The average contact area was determined at each point under the tibial slope alignment
using the experimental and computational methods (Table 6.12).
As with the other alignment conditions the computational prediction for the contact area
was higher than the experimental result for most of the points. However the two sets of results
follow a similar trend. At points 2 and 4 in the gait cycle the computational prediction was
within the 95% CI of the experimental data. Some of the differences in the contact area may
be due to the differences in the loading patterns of the tibial insert.
Table 6.12: The average contact area (mm²) at each point in the cycle under the tibial
slope alignment condition and stiff knee soft tissue condition using the computational and
experimental methods
Point Experimental Computational
1 125.4±34.9 178.2
2 153.1±85.6 237.7
3 29.0±11.3 76.7
4 35.7±63.6 3.3
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 6.34: Contact area under the tibial slope alignment condition and the stiff knee soft
tissue condition at each point in the cycle using the computational (left with a red value for
70MPa and a blue value for 0MPa) and experimental methods (right)
6.5.4 Kinematic Alignment Condition
The femoral component was rotated 2.5° around it’s centre of rotation to result in valgus
alignment. The tibial component was rotated 4.6° around it’s centre of rotation to generate a
posterior tibial slope and 3.4° to generate a varus alignment. The position of the tibial centre
of rotation was determined in the same way as with the mechanical alignment condition.
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6.5.4.1 Kinematics
The computational prediction resulted in an AP displacement profile with a similar shape to
that determined experimentally (Figure 6.35 (a)). However the computational model resulted
in more anterior displacement, especially during the first half of the cycle. This resulted in a
higher computational prediction of the peak AP displacement.
(a) AP Displacement (b) TR rotation
(c) AA Rotation
Figure 6.35: The AP (a), TR (b) and AA (c) displacements under the kinematic alignment
condition and stiff knee soft tissue condition using the experimental methods (mean with 95%
CI shown with dotted lines) and using the computational model
The computational prediction of the TR rotation profile was a similar shape to that
determined experimentally and was within the 95% CI for most of the cycle (Figure 6.35 (b)).
However it resulted in higher TR rotation throughout the cycle, especially during the first
half of the gait cycle, as with the AP displacement.
The experimental AA rotation was centred around 2° abduction which resulted in only
lateral contact on the tibial insert throughout the cycle (Figure 6.35 (c)). However the com-
putational prediction resulted in the AA rotation profile centred around 6° abduction. This
difference in the AA rotation profiles may be due to the weight of the AA arm in the simulator
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restricting the AA rotation. The computational prediction may be a more accurate represent-
ation of kinematic alignment in vivo as it resulted in both medial and lateral contact. This
difference in the contact may also have resulted in differences in the AP displacement and TR
rotation profiles due to the extra contact on the medial condyle in the computational model.
Three was a strong correlation in the AP displacements between the two data sets with
a linear fit of gradient 0.7 and r-squared value of 0.93 (Figure 6.36). This showed the strong
correlation in the profile shape between the two results despite the higher displacement values
determined with the computational model.
(a) AP Displacement gradient = 0.71 (b) TR rotation gradient = 0.84
(c) AA Rotation gradient = 1.35
Figure 6.36: Correlation between the computational and experimental output kinematics for
the kinematic alignment condition under the stiff knee soft tissue condition
There was also a good correlation in the TR rotations with a linear fit with gradient of
0.84 and an r-squared value of 0.8. Again this showed the good correlation between the TR
rotation profile shapes between the two methods.
As with the other alignment conditions there was a weak correlation in the AA rotation
values between the computational and experimental results. The linear fit had a gradient of
1.35 and an r-squared value of 0.29. This showed that along with the offset between the two
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displacement profiles there was also a difference in the profile shape.
6.5.4.2 Contact Area
Under the experimental methods there was only lateral contact between the femoral and tibial
components throughout the gait cycle which may be due to the weight of the AA arm in the
simulator restricting the AA rotation (Figure 6.37).
(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 6.37: Contact area under the kinematic alignment condition and the stiff knee soft
tissue condition at each point in the cycle using the computational (left with a red value
showing 45MPa) and experimental methods (right)
The computational prediction resulted in higher AA rotation and more balanced loading
between the tibial condyles. This may therefore be a more accurate representation of kinematic
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alignment in vivo.
At point 1 in the cycle the computational prediction resulted in a smaller and more narrow
lateral contact compared to the experimental data.
At point 2 in the cycle the experimental methods resulted in a more posterior lateral
contact than at point 1. The computational prediction also resulted in a more posterior
lateral contact, which again was a different shape to that determined experimentally.
At point 3 in the cycle the experimental data resulted in a smaller and slightly more
posterior lateral contact than at the previous step. The computational model also resulted in
a more posterior lateral contact than at point 2 in the cycle.
At the final point in the cycle the experimental data resulted in a small contact area, the
computational prediction also resulted in a small lateral contact area at this point.
The average contact area was determined at each point under the tibial slope alignment
using the experimental and computational methods (Table 6.13). For the kinematic alignment
during experimental simulation there was only ever contact on the lateral tibial condyle,
however under computational methods there was both medial and lateral contact. This may
be due to the weight of the AA arm in the experimental simulator reducing the AA rotation
and therefore resulting in just lateral contact. Therefore the computational prediction of the
contact area was greater than the experimentally measured value at each point in the cycle.
Table 6.13: The average contact area (mm²) at each point in the cycle under the kinematic
alignment condition and stiff knee soft tissue condition using the computational and experi-
mental methods
Point Experimental Computational
1 84.3±12.5 139.8
2 120.0±13.9 174.3
3 42.9±9.7 139.7
4 14.5±4.5 21.4
6.6 Computational Results
Once the computational model was validated parametric testing was carried out in order to
find the kinematics and contact pressure under different alignment conditions.
The computational model was run under one additional varus alignment condition of 2°
femoral and tibial varus.
The rotated alignment model was run under two additional rotational mismatch values
of 8° and 4° in order to generate results between mechanical alignment and 14° rotational
mismatch. Each time the femoral and tibial components were rotated in opposite directions
by equal amounts e.g. for 8° rotational mismatch the femoral component was rotated 4°
internally and the tibial component 4° externally.
The tibial slope alignment condition was run under one additional condition of 4° posterior
tibial slope.
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Finally one additional kinematic alignment conditions was run; this was defined as half
the alignment values that were studied experimentally (Table 6.5).
For each alignment condition the effect on the kinematics, contact pressure and contact
area will be investigated.
6.6.1 Varus Alignment Condition
The varus alignment condition was studied under 4° and 2° femoral and tibial varus and the
output kinematics, contact pressure and contact area compared to mechanical alignment.
6.6.1.1 Kinematics
The output AP, TR and AA kinematics were determined for both the varus alignment con-
ditions and compared to mechanical alignment (Figure 6.38).
(a) AP Displacement (b) TR rotation
(c) AA rotation
Figure 6.38: The output AP (a), TR (b) and AA (c) displacements from the computational
model under mechanical alignment, 2° varus and 4° varus alignment conditions under the stiff
knee soft tissue condition
There was a minimal difference in the AP displacement profiles between the three align-
ment conditions studied, especially from 50% gait onwards. The 4° and 2° varus alignment
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conditions resulted in similar profiles with more posterior displacement in the first half of the
cycle compared to mechanical alignment. The offset between the profiles at this point was
around 0.25mm. Between 25% and 40% gait the 2° varus alignment condition resulted in a
higher posterior displacement compared to both the other alignment conditions. This was the
point in the cycle with the greatest difference between the 2° and 4° alignment conditions.
However the offset between them was still small with a value of around 0.15mm.
The mechanical alignment and 2° varus alignment conditions resulted in very similar TR
rotation profiles. The 4° varus alignment condition resulted in a lower initial peak at 5% gait
and resulted in lower TR rotations between 25% and 50% gait. This section of the gait cycle
is the same section where the 2° varus alignment condition resulted in more AP displacement
than the 4° varus alignment condition. From 50% gait onwards the three TR rotation profiles
were very similar.
As with the AP displacement profile the 4° varus and 2° varus alignment conditions resulted
in very similar AA rotation profiles. Whereas the mechanical alignment condition resulted
in lower AA rotation from 25% to 60% gait. However the differences in the AA rotations
were small with the mechanical alignment resulted in a peak around 0.1° lower than the other
alignment conditions.
6.6.1.2 Contact Area and Pressure
The pressure distribution was determined for the mechanical alignment, 2° varus and 4° varus
alignment conditions at four points in the gait cycle (Figure 6.39). These points were the
same four points where the contact area was measured experimentally.
Due to the similar kinematics between the alignment conditions the contact positions
were similar at all four points investigated. There was no clear difference in contact position
between the alignment conditions.
The peak contact pressure was determined at each of the four points in the cycle for each
of the three alignment conditions (Table 6.14).
Table 6.14: The peak contact pressure (MPa) from the computational model under mechanical
alignment, 2° varus and 4° varus alignment conditions under the stiff knee soft tissue condition
at four points in the gait cycle
Point Mechanical Alignment 2° Varus 4° Varus
1 29.10 28.51 22.30
2 19.96 20.15 23.28
3 16.31 18.25 14.36
4 22.96 23.84 27.63
At the first point in the cycle the 4° varus alignment condition resulted in a lower value
than the mechanical and 2° varus alignment conditions. This difference may be due to the
more medial position of the lateral contact point under the mechanical and 2° varus alignment
conditions, resulting in a higher contact pressure on the medial side of the lateral condyle.
At point 2 in the cycle the 4° varus alignment condition resulted in a higher contact
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 6.39: Computational prediction of the contact pressure under 4° varus (left), 2° varus
(centre) and mechanical alignment (right) under the stiff knee soft tissue condition (0MPa
blue, 40MPa red)
pressure. The increased varus alignment may have resulted in more medial than lateral
loading and therefore a higher peak contact pressure on the medial tibial condyle.
At point 3 in the cycle the 2° varus alignment condition resulted in a higher value compared
to the other two alignment conditions. The 2° and 4° varus alignment conditions resulted in
increased AP displacements at this point in the cycle which may have resulted in a higher
lateral pressure at this point due to the position of the femorotibial contact. The increased
varus alignment of 4° may have resulted in more medial loading as discussed previously which
may have resulted in a higher peak lateral pressure with the 2° varus alignment compared to
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the 4° varus alignment.
At point 4 in the cycle. The 4° varus alignment resulted in a higher value compared to
the mechanical and 2° varus alignment conditions. This again may be due to the loading of
the 4° varus alignment condition resulting in a higher medial pressure.
The contact area for each of the three alignment conditions was determined throughout
the gait cycle (Figure 6.40).
There was a minimal difference in the contact area between the three alignment conditions
at all points in the cycle. The 2° and 4° varus alignment conditions did result in a higher
contact area between 10% and 20% gait however this difference was minimal. This difference
may be due to the differences in loading between the alignment conditions resulting in different
contact areas.
Figure 6.40: The contact area (mm²) from the computational model under mechanical align-
ment, 2° varus and 4° varus alignment conditions under the stiff knee soft tissue condition
6.6.2 Rotated Alignment Condition
The rotated alignment condition was studied under 14°, 8° and 4° rotational mismatch and
the output kinematics, contact pressure and contact area compared to mechanical alignment.
6.6.2.1 Kinematics
The mechanical alignment, 8° and 4° rotational mismatch alignment conditions resulted in
similar AP displacement profiles (Figure 6.41 (a)). The 14° rotational mismatch alignment
condition resulted in lower peak AP displacement than the other alignment conditions, how-
ever the difference was in value was small.
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(a) AP Displacement (b) TR rotation
(c) AA rotation (d) Peak TR and AA vs Rotational Mismatch
Figure 6.41: The output AP (a), TR (b) and AA (c) displacements from the computational
model under mechanical alignment, 8° rotational mismatch and 14° rotational mismatch align-
ment conditions under the stiff knee soft tissue condition. Relationship between the rotational
mismatch and the peak internal TR and adduction rotation was also found (d)
The 14° and 8° rotational mismatch alignment conditions resulted in a similar shape TR
rotation profile, however the amplitude under the 8° mismatch condition was lower (Figure
6.41 (b)). The 14° rotational mismatch alignment condition reached a peak of around 12°
compared to 8° under the 8° rotational mismatch alignment condition. With the 4° rotational
mismatch alignment condition the shape of the TR rotation profile was similar to that under
mechanical alignment, however the amplitude was higher. There was a linear relationship
between the peak TR rotation and the rotational mismatch of the components (Figure 6.41
(d)). The gradient of this relationship was less than one, which suggests that the conformity
of the insert or the soft tissue condition may be restricting the peak TR rotation.
All the rotational mismatch alignment conditions resulted in similar AA rotation profile
shapes but with different amplitudes (Figure 6.41 (c)). The 14° mismatch condition resulted
in a peak of -17.5° compared to -10.4° with the 8° mismatch and -5.3° with the 4° rotational
mismatch alignment condition. As with the TR rotation there was a linear relationship
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between the rotational mismatch and the peak adduction rotation (Figure 6.41 (d)). The
gradient of the linear fit was higher for the AA rotation, therefore the AA rotation was more
sensitive to changes in the rotational alignment. Unlike the AP and TR displacement profiles
the greatest difference between the alignment conditions occurred in the second half of the gait
cycle. This may be due to the decrease in the TR rotation down to around 1° in the second
half of the gait cycle. This would result in there being no correction of the rotational mismatch
of each alignment condition and therefore may have resulted in increased AA rotations due
to the poor conformity of the femoral and tibial components.
6.6.2.2 Contact Pressure and Area
At point 1 in the gait cycle the 14° and 8° rotational mismatch alignment conditions resulted
in similar contact areas (Figure 6.42). The lateral contact for both alignment conditions was
narrow and longer than the lateral contact under mechanical alignment. The 14° rotational
mismatch condition resulted in the longest contact area which came close to the anterior edge
of the tibial insert. For points 1-3 the 4° mismatch alignment condition resulted in similar
contact positions to those found under mechanical alignment conditions.
At point 2 in the cycle the 14° rotational mismatch alignment condition resulted in a
more anterior lateral contact and more posterior medial contact than the other two rotated
alignment conditions. The mechanical alignment meanwhile resulted in the opposite; a more
anterior medial and more posterior lateral contact. This difference may be due to the differ-
ences in the TR rotations between the alignment conditions.
At point 3 in the cycle the 14° rotational mismatch alignment condition again resulted in
a more posterior medial and more anterior lateral contact. The medial contact was close to
the centre of the tibial insert, resulting in high contact pressures. The 8° rotational mismatch
condition resulted in the medial and lateral contacts in similar positions, while the mechanical
alignment again resulted in a posterior lateral and anterior medial contact. As before this
may be due to the differences in the TR rotations.
At point 4 in the cycle all four alignment conditions resulted in contact on the posterior
edge of the tibial insert. The mechanical alignment condition however was the only one
to result in both medial and lateral contact. This difference in loading may be due to the
differences in the AA rotations at this point.
At all the points in the cycle the 14° rotational mismatch alignment condition resulted in
higher peak pressure values than all the other alignment conditions (Table 6.15). At points
1 and 2 in the cycle this may be due to the lateral contact position occurring closer to the
centre of the tibial insert, resulting in higher stresses. At point 3 this may have been due to
the position of the medial contact occurring closer towards the centre of the tibial insert again
resulting in higher stress, At point 4 in the cycle the difference may be due to the increased
AA rotation resulting in an increased pressure on the medial side of the tibial insert.
The 8° rotational mismatch alignment condition resulted in higher peak pressures at points
1, 2 and 4 than the mechanical alignment condition. The reason for this may be the same as
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 6.42: Computational prediction of the contact pressure under 14°, 8°, 4° and 0° ro-
tational mismatch (from left to right) under the stiff knee soft tissue condition (0MPa blue,
85MPa red)
Table 6.15: The peak contact pressure (MPa) from the computational model under mechan-
ical alignment, 4° rotational mismatch, 8° rotational mismatch and 14° rotational mismatch
alignment conditions under the stiff knee soft tissue condition at four points in the gait cycle
Point
Mechanical 4° Rotational 8° Rotational 14° Rotational
Alignment Mismatch Mismatch Mismatch
1 29.10 28.0 39.38 39.67
2 19.96 17.4 28.53 38.25
3 16.31 18.5 14.60 19.39
4 22.96 43.0 39.64 56.67
for the 14° rotational mismatch alignment condition. At point 3 in the cycle the TR rotation is
at 8° and therefore has corrected the mismatch in the alignment condition. The 8° rotational
mismatch alignment condition resulted in a similar peak pressure to the mechanical alignment
condition.
The 4° rotational mismatch alignment condition resulted in similar peak pressure values
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to the mechanical alignment condition at points 1-3, however due to the purely medial contact
at point 4 it resulted in a much higher pressure at the end of the cycle.
The contact area was determined for the 14°, 8° and 4° rotational mismatch and mechanical
alignment conditions throughout the gait cycle (Figure 6.43).
Figure 6.43: The contact area (mm²) from the computational model under mechanical align-
ment, 4° rotational mismatch, 8° rotational mismatch and 14° rotational mismatch alignment
conditions under the stiff knee soft tissue condition
For the first 10% of the gait cycle the mechanical alignment condition resulted in a higher
contact area than the rotational mismatch alignment conditions. However from 10% to 25%
gait the 14° rotational mismatch condition resulted in a lower contact area.
From 25% to 55% gait the mechanical alignment and 4° rotational mismatch alignment
condition again resulted in higher contact area while the two other rotational mismatch align-
ment conditions resulted in similar values to each other.
From 50% gait onwards there was no obvious difference between the three alignment
conditions. During this section of the gait cycle there was the least difference in the AP and
TR displacements which may be why the contact areas are similar. The mechanical alignment
resulted in a higher contact area which may be due to the contact on both the medial and
lateral condyles as determined at Point 4.
The 14° rotational mismatch alignment condition consistently resulted in a lower contact
area than the mechanical alignment condition. This may be due to the rotational mismatch
resulting in poor conformity between the femoral and tibial components and therefore a lower
contact area.
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6.6.3 Tibial Slope Alignment Condition
The tibial slope alignment condition was studied under 10° and 4° posterior tibial slope and
the output kinematics, contact pressure and contact area compared to mechanical alignment.
6.6.3.1 Kinematics
The AP, TR and AA displacement profiles were determined for the 10° tibial slope, 4° tibial
slope and mechanical alignment conditions (Figure 6.44).
(a) AP Displacement (b) TR rotation
(c) AA rotation
Figure 6.44: The output AP (a), TR (b) and AA (c) displacements from the computational
model under mechanical alignment, 4° posterior tibial slope and 10° posterior tibial slope
alignment conditions under the stiff knee soft tissue condition
The 10° and 4° tibial slope alignment conditions resulted in similar AP displacement
profiles. They resulted in more anterior displacement than the mechanical alignment condition
throughout the gait cycle. The 4° tibial slope alignment condition did result in more posterior
displacement compared to the 10° tibial slope alignment from 5% to 55% gait, however the
difference was low.
As with the AP displacement profiles the two tibial slope alignment conditions resulted
in similar TR rotation profiles. For the first half of the gait cycle the tibial slope alignment
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conditions resulted in lower TR rotations compared to the mechanical alignment condition.
However they then resulted in a higher peak TR rotation at around 60% gait. The 4° tibial
slope alignment condition resulted in higher TR rotation from 30% to 40% gait compared to
the 10° tibial slope alignment condition however it also resulted in a lower peak TR rotation.
From 30% to 60% gait the 4° tibial slope alignment resulted in TR rotation values between
those of mechanical and 10° tibial slope alignment conditions. The reduced TR rotation
from 30% to 40% gait may be due to the increase in posterior displacement resulting in the
conformity of the tibial insert restricting the TR rotation. As the AP displacement then
increased from 50% gait this restriction is reduced resulting in a sharp increase in the TR
rotation. The lower AP displacement under the tibial slope alignments may have resulted in
the higher peak TR rotation due to the femorotibial contact being more central in the tibial
insert.
The three alignment conditions resulted in similar AA rotation profiles. The 4° tibial
slope alignment condition did result in a lower peak AA rotation compared to the other two
alignment conditions however the difference in the AA rotation was small; around 0.2°.
6.6.3.2 Contact Pressure and Area
The pressure distribution was determined at four points in the gait cycle under the 10° and 4°
tibial slope alignment conditions and compared to the mechanical alignment condition (Figure
6.45). The four points in the cycle were the same points where the experimental contact area
measurements were carried out.
At point 1 in the cycle the more anterior AP displacements under the tibial slope alignment
conditions have resulted in more posterior contact points. Otherwise the contact points were
similar between the three alignment conditions.
At point 2 in the cycle the more anterior AP displacement under the tibial slope alignment
conditions again resulted in more posterior contact, this time close to the posterior edge of
the tibial insert. The increased TR rotation under the mechanical alignment condition has
also resulted in a more anterior medial contact.
At point 3 in the cycle the tibial slope alignment conditions again resulted in more posterior
contact points, on the posterior edge of the tibial insert. While the mechanical alignment
condition did not result in edge contact. The 4° posterior tibial slope alignment condition
also resulted in more medial loading than the 10° tibial slope alignment condition. This may
be due to the lower peak AA rotation under the 4° tibial slope alignment condition.
At point 4 in the cycle all three alignment conditions resulted in similar contact points,
with medial and lateral contact on the posterior edge of the tibial insert.
The peak contact pressure was determined for each alignment condition at the same four
points in the gait cycle as those measured experimentally (Table 6.16).
At point 1 in the cycle the mechanical alignment condition resulted in the highest pressure
value and the 10° tibial slope alignment condition the lowest. This may be due to the more
anterior displacement under the tibial slope alignment conditions resulting in more central
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 6.45: Computational prediction of the contact pressure under 10° (left), 4° (centre) and
0° (right) posterior tibial slope under the stiff knee soft tissue condition (0MPa blue, 70MPa
red)
Table 6.16: The peak contact pressure (MPa) from the computational model under mechanical
alignment, 4° posterior tibial slope and 10° posterior tibial slope alignment conditions under
the stiff knee soft tissue condition at four points in the gait cycle
Point Mechanical Alignment 4° Tibial Slope 10° Tibial Slope
1 29.10 17.39 16.74
2 19.96 23.58 28.59
3 16.31 37.28 55.13
4 22.96 26.92 32.74
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tibiofemoral contact points.
At points 2 to 4 in the cycle the mechanical alignment condition resulted in the lowest
contact pressure and the 10° tibial slope alignment condition resulted in the highest value. This
may have been due to the anterior displacement under the tibial slope alignment conditions
resulted in contact on the posterior edge of the tibial insert and therefore higher contact
pressures.
The greatest range in peak pressure values between the three alignment conditions occurred
at point 3 in the cycle, this may be due to the edge loading under the tibial alignment
conditions. The higher range in pressures at point 3 compared to point 4 may be due to a
higher applied AF at point 3.
The contact area for each of the three alignment conditions was determined throughout
the gait cycle (Figure 6.46). All three alignment conditions resulted in similar contact areas
throughout the cycle. The mechanical alignment condition resulted in higher contact area
from 60% to 90% gait which may be due to the edge contact that occurred with the tibial
slope alignments resulting in lower contact areas.
Figure 6.46: The contact area (mm²) from the computational model under mechanical align-
ment, 4° posterior tibial slope and 10° posterior tibial slope alignment conditions under the
stiff knee soft tissue condition
6.6.4 Kinematic Alignment Condition
The kinematic alignment condition was studied under the values studied experimentally and
half the experimental values. The output kinematics, contact pressure and contact area
compared to mechanical alignment.
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6.6.4.1 Kinematics
The AP, TR and AA displacement profiles were determined for the experimental kinematic
alignment values, half the experimental kinematic alignment values and under mechanical
alignment conditions (Figure 6.47).
The shape of the AP displacement profiles were similar for each alignment condition. The
two kinematic alignment conditions however resulted in more anterior AP displacements with
the experimental kinematic alignment resulting in the most anterior displacement.
(a) AP Displacement (b) TR rotation
(c) AA rotation
Figure 6.47: The output AP (a), TR (b) and AA (c) displacements from the computational
model under mechanical alignment, half the experimental values and the experimental kin-
ematic alignment conditions under the stiff knee soft tissue condition
All three alignment conditions also resulted in similar TR rotation profiles. The experi-
mental kinematic alignment condition however did result in higher TR rotation from 10% to
30% gait and resulted in a higher peak TR rotation than the other alignment conditions.
The largest difference in kinematics between the alignment conditions occurred in the AA
rotation profiles. The experimental kinematic alignment condition resulted in an AA profile
centred around 6° compared to 3° for half the experimental kinematic values and 0° under
mechanical alignment. These values represent the differences in angle between the femoral
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and tibial components in the coronal plane; the experimental kinematic alignment condition
had 2.5° femoral valgus and 3.4° tibial valgus which corresponds to 5.9° difference in angle.
While for the half experimental values alignment condition this corresponded to a difference
of 2.9°.
6.6.4.2 Contact Pressure and Area
The pressure distribution for the two kinematic alignment conditions and mechanical align-
ment condition were determined at four points in the cycle (Figure 6.48).
At point 1 in the cycle the kinematic alignment conditions resulted in larger and more
anterior medial contact points compared to the mechanical alignment condition. The lateral
contact areas were also narrower under the kinematic alignment conditions compared to the
mechanical alignment condition. These differences may be due to the differences in the AA
rotation profiles resulting in different loading on the tibial insert.
At points 2 and 3 in the cycle the kinematic alignment conditions again resulted in larger
and more anterior medial contact areas compared to the mechanical alignment condition.
At point 4 in the cycle the kinematic alignment condition of half the experimental values
and the mechanical alignment condition both resulted in medial and lateral contact areas
on the posterior edge of the tibial insert. The experimental kinematic alignment condition
however resulted in a more anterior lateral contact. This may be due to the higher TR rotation
that occurred under the experimental kinematic alignment condition at this point in the gait
cycle.
The anterior contact on the kinematic alignment conditions may be due to the posterior
tibial slope resulting in contact between the anterior femoral surface and the anterior tibial
surface. This contact may be what causes the anterior displacement of the tibial insert.
Due to the AA rotation there was more loading on the lateral side of the tibial insert.
This is converse to what occurred under the posterior tibial slope alignment where the tibial
slope and anterior displacement resulted in a more posterior contact point. These differences
may be due to the differences in the loading between the alignment conditions.
The high AA rotation around the centre of rotation would change the position of the
tibiofemoral contacts, resulting in more medial contact. This medial contact may have resulted
in the difference in contact points on the femoral components (Figure 6.49). The off centre
and more medial position of the tibial centre of rotation may also have resulted in the medial
and lateral tibiofemoral contact points occurring less centrally compared to the mechanical
alignment condition. The differences due to the TR rotation and the AA rotation may have
resulted in the differences in contact position under the kinematic alignment condition in
comparison to the tibial slope alignment condition despite the similarities in the alignment
conditions.
The peak pressure values were found at the same four points in the gait cycle. At points 1
and 2 the mechanical alignment condition resulted in the lowest pressure values and at points
3 and 4 in the cycle the experimental kinematic alignment condition resulted in the lowest
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 6.48: Computational prediction of the contact pressure under the experimental kin-
ematic aliment values (left), half the experimental values (centre) and mechanical alignment
(right) under the stiff knee soft tissue condition (0MPa blue, 50MPa red)
pressure values (Table 6.17).
At point 1 in the cycle the kinematic alignment with half the experimental values resulted
in the highest peak pressure. The position of the peak pressure for both kinematic alignment
conditions occurred on the lateral tibial condyle close to the centre of the tibial insert. This
may be due to the higher AA rotations in combination with an off centre, more medial tibial
centre of rotation.
At point 2 in the cycle the two kinematic alignment conditions resulted in similar peak
pressure values. The position of the peak pressure occurred in a similar position to at point
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 6.49: Computational prediction of the contact pressure on the femoral component
under the experimental kinematic aliment values (left), half the experimental values (centre)
and mechanical alignment (right) under the stiff knee soft tissue condition (0MPa blue, 50MPa
red)
1 in the gait cycle.
At point 3 in the kinematic alignment condition based on half the experimental values
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Table 6.17: The peak contact pressure (MPa) from the computational model under mechanical
alignment, half the experimental values and the experimental kinematic alignment conditions
under the stiff knee soft tissue condition at four points in the gait cycle
Point Mechanical Half Experimental Experimental Kinematic
Alignment Values Alignment Values
1 29.10 35.86 31.62
2 19.96 35.33 36.70
3 16.31 21.87 14.28
4 22.96 23.72 11.0
resulted in a higher peak pressure value compared to the mechanical and experimental kin-
ematic alignment conditions. The slightly lower AP displacement compared to the mechanical
alignment condition may have resulted in the lateral contact occurring at the corner of the
edge of the tibial insert. While the lower AP displacement under the experimental kinematic
alignment condition resulted in the lateral contact pressure occurring more anteriorly than
the corner of the tibial insert edge. This may be why this alignment condition resulted in the
highest pressure at this point.
At point 4 in the cycle the mechanical alignment condition and the kinematic alignment
condition based on half the experimental values resulted in similar pressure values. The
experimental alignment condition however resulted in a lower peak pressure which may have
been due to the higher TR rotation resulting in less edge contact.
The contact area for each of the three alignment conditions was determined throughout
the gait cycle (Figure 6.50).
In the second half of the gait cycle there was no difference between the three alignment
conditions. However in the first half of the gait cycle the mechanical alignment condition
resulted in the highest contact area. The two kinematic alignment conditions resulted in
similar contact areas. The experimental kinematic alignment condition resulted in a slightly
lower contact area for most of the first half of the cycle. This difference in the contact area
may be due to the differences in the AA rotation affecting the load distribution on the tibial
insert. This difference in loading may have resulted in different contact areas.
6.7 Discussion
This study experimentally and computationally investigated the effect of component alignment
on the kinematics, contact area and wear of a TKR under one soft tissue condition.
The alignment conditions studied experimentally were mechanical alignment, 4° varus, 14°
rotational mismatch, a 10° posterior tibial slope and alignment based on the use of kinematic
alignment techniques during surgery. The rotational mismatch and posterior tibial slope
alignments resulted in significantly higher wear rates, while the varus alignment resulted in a
significantly lower wear rate than under mechanical alignment.
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Figure 6.50: The contact area (mm²) from the computational model under mechanical align-
ment, half the experimental values and the experimental kinematic alignment conditions under
the stiff knee soft tissue condition
6.7.1 Computational Model Validation
The computational model was validated under the same alignment conditions as those stud-
ied experimentally. The output AP, TR and AA kinematics were compared between the
experimental and computational methods as well as the contact area at four points in the
cycle.
There was good correlation between the AP and TR displacements between the experi-
mental and computational results. As with the mechanical alignment condition the greatest
difference in the kinematics occurred with the AA rotation. This may be due to the weight
of the AA arm in the simulator, which was not represented in the computational model. The
weight of the AA arm is not an accurate representation of the conditions in vivo and therefore
was not included in the computational model. However the computational prediction resulted
in a similar AA profile shape to the experimental results under the rotated alignment con-
dition. This alignment condition had the highest AA rotation and therefore would have had
the greatest momentum on the AA arm. This momentum may have resulted in increased AA
displacements despite the weight of the AA arm.
The computational prediction also resulted in similar contact positions as the experimental
results, however it did result in more medial loading. The difference in loading may also be
due to the difference in the AA rotation profiles. The computational model resulted in higher
values of the contact area, however it resulted in a similar trend as determined experimentally.
Differences in the contact area may also be due to the differences in the loading of the tibial
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insert.
The greatest difference occurred with the kinematic alignment condition due to the differ-
ence in loading on the tibial insert. The experimental study resulted in just lateral loading
however the computational model predicted much higher abduction than occurred experi-
mentally. This resulted in loading on both the medial and lateral condyles which also did
not occur in the experimental results. This suggests that the computational model may be a
more realistic representation of the kinematic alignment in vivo. Due to the large differences
in the loading of the tibial insert there were also differences in the contact position and the
contact area between the two methods.
Overall there was good correlation in the AP and TR rotation profiles for all the alignment
conditions. There was more of a difference in the AA profile due to the design of the simulator.
The differences in the AA rotation profiles also resulted in differences in the loading of the
tibial insert, especially under the kinematic alignment condition, along with differences in the
contact areas.
The computational model was then used to run parametric testing on different align-
ment conditions to those studied experimentally. Alignment conditions between those studied
experimentally and the mechanical alignment condition were generated and the output kin-
ematics, contact pressure and contact area determined.
6.7.2 Varus Joint Line Alignment Condition
In the experimental and computational study the varus alignment conditions resulted in sim-
ilar output kinematics to mechanical alignment, which was similar to the result of a previous
study using the same TKR [92]. However in the experimental study it also resulted in more
unbalanced loading of the tibial compartment, with most of the contact occurring on the
lateral condyle. Lateral loading of the tibial compartment has been shown to result in in-
creased peak bone strains on the medial compartment [162], which may result in tibial implant
migration.
The lateral loading under varus alignment is converse to what has been found previously
in other studies [52, 151, 189] and to what was found with the computational model. The
difference in loading under the experimental methods may be due to differences in the AA
rotation due to the weight of the AA arm within the simulator. This may be why the computa-
tional model, where this limitation was not present, resulted in more medial loading. Previous
studies have also simulated a varus leg alignment rather than a varus joint line. Clinically a
varus leg alignment has been found to result in a medial shift in the joint force [154], however
in this study the axial force was applied in the same position as under mechanical alignment
conditions.
The varus alignment condition was run using the computational model under the 4° tibial
and femoral varus studied experimentally and under 2° tibial and femoral varus. There was
more medial loading as the varus angle increased. This resulted in different contact positions
and different contact pressures between the alignment conditions.
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There was found to be significantly lower wear under the varus alignment condition than
under mechanical alignment, however previous studies have found that >3° varus alignment
resulted in double the wear rates [66, 184]. This could be due to the design of the TKRs used
in the study, due to the tibial inserts not being crosslinked or due to the simulation of a varus
leg alignment rather than a varus joint line. One was a retrievals study, therefore patient
factors such as BMI could have resulted in higher wear rates [184]. Another study found that
healthy soft tissues within the knee can counteract the effect of alignment [201], therefore the
stiff knee soft tissue condition may have reduced the influence of the varus alignment condition
on the kinematics and wear in this study.
6.7.3 Rotated Alignment Condition
The rotated alignment condition resulted in a significantly higher TR rotation under the
experimental and computational studies. For the 14° mismatch condition the TR rotation
profile was shifted internally. This shift in the TR rotation was similar to that found in a
previous study with the same TKR [92]. In the computational study the TR rotation increased
in order to correct the rotational mismatch and there was found to be a linear relationship
between the rotational mismatch and the peak TR rotation. Internal rotation of the tibia
increases the Q angle in the knee, which may lead to patellar instability and increased pain
as discussed previously in Section 1.6.
The rotated alignment condition resulted in a higher TR range of motion and a higher
AA range of motion As with the TR rotation there was a linear relationship between the
rotational mismatch and the peak adduction rotation. The gradient of the linear fit for the
AA rotation was higher than that for the peak TR rotation, suggesting that the AA rotation
was more sensitive to changes in the rotational alignment. An increased adduction moment
within the knee may also contribute to the development of knee pain; the adduction moment
was correlated with a compressive force on the medial compartment [170]. The peak adduction
moment during gait has also been related to surgical outcome pain relief in patients with knee
OA [102].
The rotated alignment also resulted in unbalanced loading in the experimental study, with
mainly lateral loading in the first half of the gait cycle, followed by mainly medial loading in
the second half. Imbalance in the medial and lateral loading may result in instability of the
knee, lift off and patient dissatisfaction [88, 153]. A study by Wasielewski et al found that if
the loading between the medial and lateral tibial compartments were comparable there was
no lift off greater than 1mm [199].
There was also contact and damage that occurred on the medial posterior edge of the tibial
insert during the wear study. This damage resulted in plastic deformation on the posterior
tibial edge, which over an increased time period could result in early failure or instability of
the TKR.
In the computational study the increase in the rotational mismatch also resulted in an
increase in the peak contact pressure as well as a decrease in the contact area. This may be
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due to more loading on the posterior edge of the tibial insert. The higher pressure found under
the rotational mismatch alignment condition with the computational model corresponded to
previous studies [52, 53].
The rotated alignment condition resulted in a significantly higher wear rate than the
mechanical alignment condition, this could be due to the increase in kinematics or due to the
contact on the edge of the tibial insert. As there was damage caused to the rotated tibials
that was not due to wear and may have been due to the start up process this suggests that
the wear rate in vivo may be different. In vivo the wear rate could be higher as the motion
would be less continuous than in the simulator, therefore there may be the potential for more
damage as the mismatched components come into contact. A previous computational study
found that alignment in the transverse plane resulted in the greatest increase in wear rates,
which is similar to that found in this study [135]. Internal rotation of the tibial insert was
also found to result in loading on the edge of the tibial insert, as in this study [134].
In the computational results the 4° rotational mismatch alignment condition resulted in
similar AP and TR profiles to the mechanical alignment condition. It also resulted in similar
peak contact pressure values and contact area for most of the gait cycle. Rotational mismatch
should be minimised in order to reduce the potential for pain and patient dissatisfaction. This
study suggests that the mismatch should be kept within 4° of neutral in order to maintain
similar mechanics as under mechanical alignment conditions.
6.7.4 Tibial Slope Alignment Condition
In the experimental and computational studies the posterior tibial slope resulted in anterior
AP displacement throughout the gait cycle and resulted in more posterior contact including
contact on the posterior tibial edge. The increased anterior tibial motion and a more posterior
tibiofemoral contact point correlated with a previous computational study into the effect of a
posterior tibial slope [114].
A posterior tibial slope may be beneficial for a CR TKR; there tends to be more anterior
motion of the femur on the tibia in CR knees [153] compared to rollback of the femur which
occurs in natural knees, one study determined that there was 80% of the femoral translation
of the natural knee with a TKR at 120° flexion [142]. As the posterior tibial slope resulted
in anterior motion of the tibia relative to the femur in this study, a posterior tibial slope may
help to counteract the paradoxical motion found in CR knees. This matches that found by
previous studies [179] and a positive correlation has been found between femoral-rollback and
higher clinical and functional scores [67]. Another study found that for every mm of additional
posterior femoral translation there was a resulting increase of 1.4° more flexion [19]. However
in this study the flexion was fixed as it was displacement controlled, therefore the effect of
the posterior tibial slope on flexion could not be investigated.
In the computational study there was a greater difference between the 4° tibial slope
alignment condition and the mechanical alignment condition than the 4° and 10° tibial slope
alignment conditions. This may be due to the conformity of the tibial insert restricting motion.
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The posterior tibial slope alignment also resulted in significantly higher wear rates than the
mechanical and varus alignments as well as damage to the posterior edge of the tibial insert.
The increased wear rate due to the posterior tibial slope is similar to a previous computational
study on the effect of component alignment [135]. Over a longer study this may have resulted
in increased wear rates as more damage occurred to the edge of the tibial insert.
There was more lateral than medial loading particularly during the second half of the gait
cycle. There was also more variation in the medial and lateral contact with this alignment
condition than with the others in the experimental study, this could be due to the tibial slope
causing instability and therefore more variation between the stations. In the computational
study the higher tibial slope alignment of 10° resulted in the highest pressure for most of the
cycle. This may be due to the contact occurring near to the edge of the tibial insert.
For this TKR the surgical guidelines are for no tibial slope. The posterior tibial slope
should be kept lower than 10° as this resulted in significantly higher wear rates compared to
mechanical alignment conditions. A tibial slope of 4° was found to result in increased anterior
motion which may be beneficial for CR knees, however this alignment resulted in edge loading
and higher peak pressure values than mechanical alignment and there may result in increased
wear rates,
6.7.5 Kinematic Alignment Condition
The kinematic alignment condition resulted in more anterior AP displacement in the exper-
imental study than all of the other alignment conditions studied. It also resulted in the AA
rotation profile being centred around 2° in the experimental study, which resulted in only
lateral contact.
However in the computational model there was both medial and lateral contact as there
were increased AA displacements. The AA rotation profile was centred around the difference
in angle between the femoral and tibial components in the coronal plane. The AA rotation
increased in order for the femoral and tibial components to become parallel. Therefore the
purely lateral contact found experimentally may be due to the weight of the AA arm in the
simulator restricting the AA rotation, as discussed previously. The computational results for
this alignment condition may be more representative of the conditions in vivo as there was
both medial and lateral contact throughout the cycle.
However this high AA rotation can lead to a valgus leg alignment which increases the
Q angle,which makes the quadriceps muscle less efficient and results in a lateral pull on the
patella. This may cause knee pain, instability and patella maltracking [22, 43, 64, 138, 153,
169, 175]. A previous study found that the mean Q angle was significantly higher for patients
with knee pain than those without [64].
Component alignment with a valgus femoral and varus tibial may also result in asymmet-
rical instability; this will result in a progressing valgus deformity along with an increase in
the lateral joint line stresses [153]. This imbalance and consequential gap between the medial
tibial and femoral surfaces may also result in the medial collateral ligament lengthening over
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time, which would result in coronal instability [153].
In the computational results the kinematic alignment condition based on half the experi-
mental values resulted in the highest peak pressure at most of the points studied. In the first
half of the gait cycle the AA rotation around the more medial tibial centre of rotation may
have resulted in the higher pressures. This may have resulted in the lateral contact occur-
ring towards the centre of the tibial insert, resulting in high pressures on both the kinematic
alignment conditions. At point 3 in the cycle the differences in contact pressure may be due
to the position of the lateral contact in relation to the curved edge of the tibial insert. At the
last point in the cycle the increased TR rotation under the experimental kinematic alignment
condition resulted in less edge contact and therefore lower pressures. The kinematic alignment
conditions also resulted in lower contact areas throughout the cycle which may have resulted
in higher peak pressures compared to the mechanical alignment condition.
The study on the kinematic alignment condition has shown that the combination of align-
ments in different planes results in a more complicated analysis; the effect on the kinematics
and contact pressure are not equal to the effect the alignment in each plane would have com-
bined. For example the kinematic alignment condition had a smaller posterior tibial slope than
the tibial slope alignment condition yet resulted in more anterior AP displacement. Neither
the varus or rotational mismatch alignment conditions resulted in a shift in the AP displace-
ment. Therefore the combined effect of alignments in multiple planes must have resulted in
the shift in the AP displacement.
Further study of the effect of different alignment conditions is required in order to fully
understand the effect of kinematic alignment. However in order to reduce the AA rotation,
and therefore the potential for knee pain and instability, the angle between the femoral and
tibial components in the coronal plane should be minimised.
6.8 Conclusions
Overall the experimental study determined that the varus alignment condition resulted in sim-
ilar kinematics and lower wear but resulted in more unbalanced loading than the mechanical
alignment. The rotated and tibial slope alignment conditions resulted in significantly higher
wear rates and mechanics that may result in instability and knee pain in vivo. The kinematic
alignment condition resulted in purely lateral loading, however due to the limitations of the
experimental simulation this may not be an accurate representation of how it would behave
in vivo.
The computational study determined that each of the alignment conditions responded
differently under different alignment values. For varus alignment the main difference was
increased medial loading as the varus angle increased.
Whereas the rotational mismatch resulted in increased TR and AA rotations, as well as
higher peak pressures as the rotational mismatch increased. The rotational mismatch of the
TKR should be kept within 4° in order to minimise the TR and AA rotations.
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As the posterior tibial slope increased the AP displacement became more anterior resulting
in more posterior tibiofemoral contact points. This resulted in more edge loading and higher
peak pressures.
The kinematic alignment conditions resulted in higher AA rotations as the alignment
angles increased. The angle between the femoral and tibial components in the coronal plane
should be minimised in order to reduce the AA rotation and the Q angle.
Alignment conditions had a significant effect on the output kinematics, contact area and
wear of the TKR studied. In order to represent the range of outcomes that occur in vivo a
range of component alignment conditions should be studied pre-clinically.
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Chapter 7
The Influence of Soft Tissue
Constraints and Surgical Alignment
on Kinematics, Mechanics and Wear
7.1 Introduction
This study was carried out to investigate the influence of different soft tissue constraints on
the kinematics and wear rates under different alignment conditions. Chapter 5 investigated
the effect of soft tissue constraints under mechanical alignment and Chapter 6 investigated
the effect of alignment under a single soft tissue condition. This chapter will investigate the
influence of the combination of soft tissues and alignment on a TKR.
The effect of the soft tissues on the kinematics was determined for each alignment con-
dition by finding the average AP, TR and AA output profiles under each of the soft tissue
conditions. The ISO standard force control input profiles and centre of rotation were used
[186]. The contact areas were also determined in order to investigate the effect on the femorot-
ibial contact. Finally wear studies were carried out for 2MC each with the highest and lowest
tension soft tissue conditions.
Three soft tissue conditions were applied within the simulator to each alignment condition
in order to represent a knee with a resected ACL and PCL, with an intact PCL and resected
ACL and to represent a stiff knee. These were the same three spring conditions used in
Chapter 5 to investigate the effect of the soft tissue constraints under mechanical alignment.
In the first section of the experimental results the effect of the soft tissues on three align-
ment conditions were investigated; 4° varus joint line, 14° rotational mismatch and kinematic
alignment. The effect of the soft tissues under mechanical alignment was investigated in
Chapter 5 therefore mechanical alignment was not included in these results. The 10° pos-
terior tibial slope alignment was determined to be too unstable to be run under the two lower
tension soft tissue conditions so the effect of the soft tissue constraints on the kinematics and
wear rates could not be determined.
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In the second part of the experimental results the different alignment conditions will be
compared to each other, under all three soft tissue conditions.
The computational model was validated under mechanical alignment conditions in Chapter
5 and under all other alignment conditions and the stiff knee soft tissue condition in Chapter
6. The next part of this chapter will validate the computational predictions of kinematics
and contact area against the experimental data under the remaining alignment and soft tissue
combinations.
The final results section will detail the results of the computational parametric study that
simulated a wider range of alignment condition under the same three soft tissue conditions.
7.2 Materials
All the studies were carried out using DePuy Sigma fixed bearing, right knee, size 3 (DePuy
Synthes, Leeds, UK) components. The tibial inserts were moderately crosslinked UHMWPE
(5MRad irradiated and re-melted GUR1020 XLK, n=6). The tibial inserts used for the varus,
rotated and tibial slope wear studies were new inserts from batches 8466296 and 8466300 used
in Chapter 6 (part number 1581-13-110).
The femoral components had been used in previous studies, to ensure this would not affect
the wear results the femorals were polished in order to remove any scratches.
The lubricant was 25% bovine serum (Life Technologies, New York, USA) in 0.04% sodium
azide solution (Severn Biotech Ltd, Worcestershire, UK) and was changed approximately every
350,000 cycles. The contact area measurements were carried out using a Tekscan (Tekscan
Inc., Boston, USA) pressure mapping sensor as detailed in Section 2.2.
The soft tissues were simulated using virtual springs within the simulator, the profiles of
the virtual springs were changed to represent different soft tissue constraints. In order to
represent different component alignments femoral and tibial fixtures were designed and made
that allowed the tibial and femoral components to be inserted into the simulator in the desired
positions.
7.3 Methods
The effect of the soft tissue constraints on the different alignment conditions were studied
experimentally using a 6 station knee simulator. The simulator was run under force control
condition to allow the kinematics to change in response to the alignment and soft tissue
constraints.
Three soft tissue conditions were used for the study; the resected ACL soft tissue condition,
the resected ACL & PCL soft tissue condition and stiff knee soft tissue condition based on
clinical data to represent a stiff knee as described in Chapter 5 (Table 7.1).
The alignment conditions investigated are defined relative to mechanical alignment of a
TKR in Table 7.2. The influence of the soft tissue conditions under mechanical alignment was
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Table 7.1: The AP and TR spring tensions and spring gaps for the three soft tissue conditions
studied
Condition
AP TR
Gap (mm) Tension (N/mm) Gap (°) Tension (Nm/°)
Resected ACL ±2.5 44 posteriorly, ±6 0.36
(ISO CR) 9.3 anteriorly
Resected ACL & ±2.5 9.3 ±6 0.13
PCL (ISO CS)
Stiff 0 127 0 0.7
detailed in Chapter 5 and the tibial slope alignment condition could only be run under the stiff
knee soft tissue condition. Therefore this chapter will focus on the varus joint line, rotated
and kinematic alignment conditions. These alignments are the same alignment conditions
that were specified in Chapter 6.
Table 7.2: The femoral and tibial component positions in the coronal, sagittal and transverse
planes relative to mechanical alignment under each alignment condition studied
Condition
Femoral Component Tibial Component
Coronal Sagittal Transverse Coronal Sagittal Transverse
Mechanical 0° 0° 0° 0° 0° 0°
Varus 4° varus 0° 0° 4° varus 0° 0°
Rotated 0° 0° 7° internal 0° 0° 7° external
Tibial Slope 0° 0° 0° 0° 10° posterior 0°
Kinematic 2.5° valgus 0° 0° 3.4° varus 4.6° posterior 0°
7.3.1 Stability
In order to determine the stability of the TKR under a wider range of soft tissue conditions the
TKR was studied under more extreme soft tissue conditions. Two other soft tissue conditions
were studied; the resected ACL & PCL spring tensions with increased spring gaps of ±5mm
and ±9° for the AP and TR springs respectively along with applying no spring restraints at
all. The motion of the TKR was observed and any signs of lift off, dislocation of the joint or
loading on the edges of the tibial insert were noted. Lift off was defined as any point where
the femoral and tibial components were not in contact during the gait cycle.
The TKR was run with Vaseline used as lubricant and without the gaiters attached so
that the mechanics of the joint could be observed.
7.3.2 Kinematics
The mean kinematics for each alignment and soft tissue condition were determined by aver-
aging the output AP, TR and AA displacement profiles across the simulator.
The average output profiles were then compared between different soft tissue conditions
using minimum and maximum points in the profiles as defined in Chapter 2 (Figure 7.1).
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(a) AP Displacement (b) TR Rotation
(c) AA Rotation
Figure 7.1: Maximum and minimum points on the AP, TR and AA displacement profiles that
were used for statistical comparison between tests
Points A-D were defined in the AP profile, points E-H in the TR profile and points I-K in
the AA rotation profile.
The range of motion in the displacement profiles was also compared between studies. The
range of motion was defined as the difference between the maximum and minimum point in
the displacement profile.
A one way ANOVA with significance taken at p<0.05 using IBM SPSS Statistics 22 was
used. Depending on the homoscedasticity either a post hoc Tukey’s test or a Games-Howell
test was carried out, with significance taken at p<0.05, to determine the differences between
the groups.
7.3.3 Contact Area
In order to investigate the effect of the soft tissue conditions on the contact area of the TKR
a Tekscan pressure sensor was used.
The contact area was measured at four points in the gait cycle; point 1 was at 5% gait
where the initial peak in the AP force occurs, the second at 45% gait where the last peak in the
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Figure 7.2: The input axial force, flexion-extension, AP force and TR torque profiles with the
four points in the cycle where the contact area was measured
AF occurs, the third at the point in the cycle where the combined AP and TR displacement
were at their maximum and the fourth point at 72% gait where the FE was at its peak (Figure
7.2).
The displacements and forces at these points for each of the three soft tissue conditions
are shown in Tables A.1 to A.5.
The contact area was measured on 5 of the stations of the simulator for each soft tissue
condition and the mean contact areas found for each point in the gait cycle. The AA motor
was not functional on the 6th station and was therefore not used for the study. The mean
contact area was found by calculating the area of the sensor where the pressure value was
greater than 0MPa and accounting for the curvature of the insert at that point. The average
and 95% CI of the contact area position and size was then determined for each point in the
cycle.
A one way ANOVA with significance taken at p<0.05 using IBM SPSS Statistics 22 was
used. As with the kinematic data either a post hoc Tukey’s test was carried out or a Games
Howell test depending on the variance between groups.
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7.3.4 Wear studies
In order to investigate the effect of the soft tissue constraints on the wear rate of the tibial
insert different wear simulation studies were carried out. With the varus joint line and ro-
tational mismatch alignments wear studies each of 2MC were carried out with the stiff knee
and the resected ACL & PCL soft tissue conditions. The wear rates with the two different
soft tissue conditions were then compared to determine the effects on wear.
Wear studies were not carried out with the kinematic alignment condition as the experi-
mental simulation also resulted in only lateral tibial contact and was therefore not a clinically
relevant study. As the tibial slope alignment condition could not be run under the resected
ACL & PCL soft tissue condition a wear study was run just under the stiff knee soft tissue
condition.
At the end of each wear study the change in the output kinematics over time was invest-
igated. This was to determine whether the kinematics were changing as the wear scar was
formed. The wear rates between each of the inserts used in the study were then compared in
order to determine whether there were similar differences in the wear rates over time.
The variation between the stations was also investigated. Any differences in the kinematics
were then compared to the wear rates on each station to determine whether the differences in
kinematics may have affected the wear rates.
The average wear scar outline and areas at the end of each wear study were also determined.
The size and positions of the wear scars were then compared between wear studies.
Before and after each wear study the surface roughness of the superior surface of the tibial
insert and contact surface of the femoral were measured. The surface roughness values and
the change in the values were compared between the wear studies to investigate whether any
of the alignment and soft tissue conditions resulted in damage to the contact surfaces.
A one way ANOVA with significance taken at p<0.05 using IBM SPSS Statistics 22 was
used. s with the kinematic and contact area data either a post hoc Tukey’s test was carried
out or a Games Howell test depending on the variance between groups.
7.3.5 Computational Model Validation
In previous chapters the effect of different soft tissue constraints under mechanical alignment
using the computational model has been validated by comparison with the experimental data
(Chapters 4 and 5). The computational model has also been validated under all the alignment
conditions and the stiff knee soft tissue condition (Chapter 6).
In order to validate the computational model under different alignment and soft tissue
conditions the output AP, TR and AA displacements from the computational model were
compared to the experimental data. The correlation coefficients were found between the
computational and experimental predictions, a coefficient of greater than 0.7 was considered
a good correlation.
The position of the contact points were also compared to those found experimentally.
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Finally the computational value of the contact area was compared to the experimental results
at the same four points in the gait cycle.
7.3.6 Computational Results
In this section the computational model was used in order to find the effect of the stiff knee,
resected ACL and resected ACL & PCL soft tissue conditions on a wider range of alignment
conditions. The output AP, TR and AA kinematics were found for each alignment and soft
tissue condition. The peak contact pressure values were also found at the same four points
in the cycle where the contact pressure was measured experimentally. The contact area was
found for each alignment and soft tissue condition throughout the cycle.
The rotational mismatch alignment was run under values of 14°, 8° and 4°. The varus
joint line alignment condition was run under values of 4° and 2°. The tibial slope alignment
condition was run under values of 10° and 4° posterior tibial slope. Finally the kinematic
alignment condition was run under the same alignment values studied experimentally and
half the experimental values (Table 7.3).
Table 7.3: Kinematic alignment component positions studied computationally
Test
Femoral Tibial
Coronal (° valgus) Coronal (° varus) Sagittal (° posterior)
Mechanical 0 0 0
Half Experimental Values 1.2 1.7 2.3
Experimental Values 2.5 3.4 4.6
7.4 Experimental Results
7.4.1 Stability
The stability of each alignment condition was determined under a range of soft tissue con-
ditions, including with increased AP and TR gap sizes of 5mm and 9° and with no springs
applied. Lift off was defined as loss of contact between the femoral and tibial components
during gait.
The mechanical alignment condition was stable under all the soft tissue conditions applied,
with no lift off occurring.
With the varus joint line alignment condition there was some lift off, with external tibial
rotation resulting in the femorotibial contact moving to the posterior edge of the insert. This
occurred with the 5mm and 9° gap soft tissue condition and with no springs applied.
The rotated alignment also resulted in some lift off; the femorotibial contact moved up
the posterior edge of the tibial insert as with the varus alignment. This occurred with the
large gap soft tissue condition and with no springs applied. There was then an impact as the
femoral component came back into contact with the tibial insert as it came off the posterior
edge. When no springs were applied this impact was more severe.
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The TKR with a posterior tibial slope dislocated under all the soft tissue studies apart
from the stiff knee soft tissue condition. The external rotation of the femoral component
caused the lateral femoral condyle to come off the posterior side of the tibial insert in all
other soft tissue conditions.
With the kinematic alignment the TKR was stable during all studies, however the contact
between the femoral and tibial components was very posterior during flexion using all but the
stiff knee soft tissue condition.
7.4.2 Effect on kinematics
The average anterior-posterior, tibial rotation and abduction-adduction displacement profiles
were determined for each of the three soft tissue conditions for the varus joint line, rotated
and kinematic alignment conditions as follows.
7.4.2.1 Varus Joint Line Alignment Condition
The average output kinematics with all three different soft tissue conditions were determined
for the varus alignment condition. For the AP and TR displacements the profile shapes were
similar, with the two lower tension soft tissue conditions (resected ACL and resected ACL &
PCL) resulting in higher amplitudes.
For the first half of the gait cycle the resected ACL and resected ACL & PCL soft tis-
sue conditions resulted in very similar AP displacement values but the stiff knee soft tissue
condition resulted in significantly lower AP displacements (p<0.01) (Figure 7.3 (a)).
All three soft tissue conditions resulted in significantly different peak AP displacements
(p<0.01). For the second half of the gait cycle the resected ACL & PCL soft tissue condition
resulted in a higher AP displacement than the resected ACL soft tissue condition at all points,
however this was not significant.
All three soft tissue conditions also resulted in significantly different ranges of AP motion;
7.0mm, 5.5mm and 2.6mm for the resected ACL & PCL, resected ACL and stiff knee soft
tissue conditions (p<0.01).
As with the AP displacement the resected ACL and resected ACL & PCL soft tissue
conditions resulted in very similar TR displacements during the first half of the gait cycle
(Figure 7.3 (b)). There was no significant difference in the TR rotation between the soft
tissue conditions in the first half of the gait cycle (p>0.18). However the stiff knee soft tissue
condition resulted in a significantly lower peak TR rotation (p<0.02). The resected ACL &
PCL soft tissue condition also resulted in a higher peak TR rotation than the resected ACL
soft tissue condition and then resulted in a sharper decrease in TR from 60-70% gait. At
point H the resected ACL soft tissue condition resulted in a significantly higher TR rotation
than the resected ACL & PCL soft tissue condition (p=0.04).
There was no significant difference in the range in TR motion between the resected ACL
and resected ACL & PCL soft tissue conditions, however the stiff knee soft tissue conditions
resulted in a significantly lower range of motion (p<0.01).
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(a) AP Displacement (b) TR Rotation
(c) AA Rotation
Figure 7.3: The average AP, TR and AA displacements for the varus joint line alignment
condition with the stiff knee, resected ACL and resected ACL & PCL soft tissue conditions
The resected ACL and resected ACL & PCL soft tissue conditions resulted in similar AA
displacements for the first half of the gait cycle (Figure 7.3 (c)). The resected ACL and resected
ACL & PCL soft tissue conditions also resulted in AA motion that was centred around 1°
whereas the stiff knee soft tissue condition resulted in AA rotation centred around 0°. At point
I the stiff knee soft tissue condition resulted in a significantly lower AA rotation compared
to the resected ACL and resected ACL & PCL soft tissue conditions (p=0.03). At 50% gait
the AA displacement then decreased with the resected ACL & PCL soft tissue condition,
while the resected ACL soft tissue condition resulted in an increase in the AA rotation. The
stiff knee soft tissue condition resulted in a significantly lower peak AA rotation than the
resected ACL soft tissue condition (p<0.01), there was also a significant difference between
the resected ACL and resected ACL & PCL soft tissue conditions at this point (p=0.04). The
peak AA rotation also occurred earlier in the cycle for the stiff knee soft tissue condition than
for the resected ACL or resected ACL & PCL soft tissue conditions. This was also true of the
peak AP and TR displacements. The stiff knee soft tissue condition resulted in a significantly
lower range in AA motion than the resected ACL soft tissue condition (p=0.01).
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7.4.2.2 Rotated Alignment Condition
Under the rotated alignment condition the AP displacement profiles were similar to those
under varus joint line alignment; under the resected ACL and resected ACL & PCL soft
tissue conditions there were similar AP displacements for the first 50% gait (Figure 7.4 (a)).
The stiff knee soft tissue condition resulted in a significantly lower AP displacement at point
A (p<0.01). At point B the stiff knee soft tissue condition resulted in a significantly lower
AP displacement compared to the resected ACL & PCL soft tissue condition. All three soft
tissue conditions resulted in significantly different peak AP displacements of 7.9mm, 5.8mm
and 2.4mm for the resected ACL & PCL, resected ACL and stiff knee soft tissue conditions
respectively (p<0.03).
The three soft tissue conditions resulted in significantly different AP ranges of motion of
2.0mm, 6.5mm and 8.6mm for the stiff knee, resected ACL and resected ACL & PCL soft
tissue conditions respectively (p<0.04).
(a) AP Displacement (b) TR Rotation
(c) AA Rotation
Figure 7.4: The average AP, TR and AA displacements for the rotated alignment condition
with the stiff knee, resected ACL and resected ACL & PCL soft tissue conditions
All of the soft tissue conditions resulted in similar TR profile shapes, however there was
an offset between them; the resected ACL & PCL soft tissue condition resulted in the highest
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TR rotation at all points and the resected ACL soft tissue condition resulted in a higher
displacement than the stiff knee soft tissue condition (Figure 7.4 (b)). The stiff knee soft
tissue condition resulted in a TR rotation centred around 5° whereas the resected ACL and
resected ACL & PCL soft tissue conditions were centred around 9° and 10° respectively. At
points E-H the stiff knee soft tissue condition resulted in significantly lower TR rotation than
the other two soft tissue conditions (p<0.01). The stiff knee soft tissue condition resulted in a
significantly higher range of TR motion than the resected ACL soft tissue condition (p=0.03)
.
The soft tissue conditions also resulted in similar AA rotation profiles with maximum
and minimum peaks at 5% and 70% gait (Figure 7.4 (c)). The stiff knee soft tissue condition
resulted in a significantly higher AA rotation at point I in the cycle (p<0.05) and a significantly
lower peak AA rotation at point K than the resected ACL & PCL soft tissue condition
(p=0.04). The range in AA was significantly different between all three soft tissue conditions
with the stiff knee soft tissue condition resulting in the highest value and the resected ACL
& PCL soft tissue condition resulting in the lowest value (p<0.01).
7.4.2.3 Kinematic Alignment Condition
With the kinematic alignment condition there was more anterior displacement than any of the
other alignment conditions (Figure 7.5 (a)). The resected ACL and resected ACL & PCL soft
tissue conditions resulted in very similar AP displacements throughout the cycle with the AP
displacement centred around -5mm. With the stiff knee soft tissue condition there was lower
displacement with the AP profiles centred around -2mm. This shift in the AP displacement
under different soft tissue conditions only occurred with the kinematic alignment. The stiff
knee soft tissue condition resulted in significantly higher AP displacement than the other two
soft tissue conditions at points A, B and D and significantly lower peak AP displacement
at point C in the cycle (p<0.01). There was no significant difference between the resected
ACL and resected ACL & PCL soft tissue conditions at any point. The stiff knee soft tissue
condition resulted in a significantly lower AP range of motion than the other two soft tissue
conditions (p<0.01).
As with the AP displacement the resected ACL and resected ACL & PCL soft tissue con-
ditions resulted in very similar TR rotation profiles (Figure 7.5 (b)). The stiff knee soft tissue
condition resulted in lower TR displacements and resulted in a different profile shape, with
the peak TR rotation occurring earlier in the cycle. At points E-G in the cycle the stiff knee
soft tissue condition resulted in a significantly lower displacement than the other soft tissue
conditions (p<0.05). At point H, near the end of the cycle, there was no significant difference
between any of the soft tissue conditions (p=0.86). The stiff knee soft tissue condition also
resulted in a significantly lower range in TR than the other soft tissue conditions (p<0.02).
All the soft tissue conditions resulted in AA profiles with different offsets; the resected
ACL soft tissue profile was centred around 1°, the resected ACL & PCL soft tissue condition
around 1.5° and the stiff knee soft tissue condition around 2° (Figure 7.5 (c) ). The stiff knee
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(a) AP Displacement (b) TR Rotation
(c) AA Rotation
Figure 7.5: The average AP, TR and AA displacements for the kinematic alignment condition
with the stiff knee, resected ACL and resected ACL & PCL soft tissue conditions with the
95% CI shown with dotted lines
soft tissue condition also resulted in a different profile shape with the AA rotation increasing
rather than decreasing at around 55% gait and with the peak occurring earlier in the cycle
than the other soft tissue conditions at around 60% gait. There was however no significant
difference in the AA displacements at any point in the cycle or the range of motion (p>0.09).
7.4.2.4 Comparison between alignment conditions
The mean AP displacement for each alignment condition was determined for each of the
three soft tissue conditions; stiff knee, resected ACL and resected ACL & PCL (Figure 7.6).
All the alignment and soft tissue conditions resulted in a similar AP displacement profile
with the peak displacement occurring at 60% gait. The lower tension resected ACL and
resected ACL & PCL springs, with gaps around the zero position, resulted in higher peak AP
displacements compared to the stiff knee springs. There was a smaller difference in the peak
AP displacements between the resected ACL and resected ACL & PCL springs than with the
stiff knee springs for all the alignment conditions.
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.6: The mean output AP displacement for each alignment condition under the stiff
knee, resected ACL and resected ACL & PCL soft tissue conditions with the 95% CI shown
with dotted lines
The tibial slope alignment condition was too unstable to run under the resected ACL
and resected ACL & PCL springs. Under the stiff knee soft tissue condition it resulted in
significantly more anterior displacement than the mechanical, varus joint line and rotated
alignment conditions at points A-C (p<0.01).
Under the resected ACL and resected ACL & PCL springs the kinematic alignment con-
dition resulted in significantly more anterior displacement than all the other alignment con-
ditions at all points in the cycle (p<0.01).
Under all the soft tissue conditions the varus alignment resulted in a similar AP displace-
ment profile as the mechanical and rotated alignment conditions. The varus and rotated
alignment conditions resulted in higher peak AP displacements than mechanical alignment
under all the soft tissue conditions, however the difference in values was small.
The range of motion in the AP displacement was determined from the difference in the
minimum and maximum points in the gait cycle (Figure 7.7). For all the alignment conditions
the lowest range of motion occurred under the stiff knee soft tissue condition with similar values
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Figure 7.7: The mean and 95% confidence interval of the range of motion in the AP displace-
ment for each alignment and soft tissue condition
under the resected ACL and resected ACL & PCL soft tissue conditions. There was more
variation in the range of motion under the lower tension soft tissue conditions than under the
stiff knee soft tissue condition.
The mechanical, varus, kinematic and tibial slope alignment conditions resulted in sim-
ilar TR rotation output profiles; an increase after 20% gait followed by a plateau and peak
displacement at 60% gait (Figure 7.8).
The varus and tibial slope alignment conditions resulted in similar peak displacements as
the mechanical alignment condition for all the soft tissue conditions and for the stiff knee soft
tissue condition under the tibial slope alignment.
Under the stiff knee springs the kinematic alignment condition resulted in a lower initial
plateau at around 30% gait, and a slightly lower peak TR rotation than the mechanical, varus
and tibial slope alignment conditions (Figure 7.8 (a)). However under the other two soft tissue
conditions this difference did not occur.
The rotated alignment condition resulted in a different output profile under all the soft
tissue conditions compared to the other alignment conditions. The initial plateau was present
under the stiff knee springs but occurred earlier in the cycle, while under the lower tension
springs it was not present at all. For the resected ACL and resected ACL & PCL springs
there was a gradual increase in TR rotation for the first half of the cycle. After this point
it resulted in a similar profile shape to the other alignment conditions (Figure 7.8 (b) and
(c)). The peak TR rotation under the rotated alignment condition resulted in significantly
higher TR displacements than the other alignment conditions for all the soft tissue conditions
(p<0.01) and occurred earlier in the cycle.
The mean and 95% CI for the range of TR motion was determined for each alignment and
soft tissue condition (Figure 7.9).
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.8: The mean output TR rotation for each alignment condition under the stiff knee,
resected ACL and resected ACL & PCL soft tissue conditions with the 95% CI shown with
dotted lines
Under the stiff knee springs the rotated alignment condition resulted in significantly higher
range of motion of 11.3° compared to the other alignment conditions (p<0.01). However
under the other two soft tissue conditions the range of TR rotation was similar across all the
alignment conditions.
As with the AP range of motion there was more variation in the TR range of motion
under the resected ACL and resected ACL & PCL springs, particularly with the mechanical
alignment condition. This was partly due to the increased inter-station variation that occurred
under the lower tension springs and partly due to the variation at the end of the cycle. The end
of the cycle, where the AF was at it’s lowest point, was where the most variation occurred
and was often the minimum displacement point during the cycle. Therefore this variation
resulted in an affect on the range of motion, increasing its confidence interval.
The mechanical, varus and tibial slope alignment conditions resulted in similar AA rotation
profiles, with the peak displacement occurring at around 60% gait (Figure 7.10).
The mechanical alignment condition resulted in significantly higher peak AA rotation than
the varus alignment condition under the stiff knee springs (p<0.01) (Figure 7.10 (a)).
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Figure 7.9: The mean and 95% confidence interval of the range of motion in the TR rotation
for each alignment and soft tissue condition
The rotated alignment condition resulted in a different AA profile; there was a peak at
the start of the gait cycle followed by a decrease then plateau from 10-50% gait then a large
peak in adduction at around 70% gait. Both the shape and amplitude of the AA profile was
different for the rotated alignment condition.
The kinematic alignment condition also resulted in a different profile shape to the other
alignment conditions with the AA rotation being around 2° higher than the other alignment
conditions at all points in the cycle.
Under all the soft tissue conditions the rotated alignment condition resulted in a signific-
antly higher AA range of motion (p<0.01) (Figure 7.11).
Under the resected ACL springs the range of motion for the mechanical, varus and kin-
ematic alignment components increased to 2.3°, 2.0° and 0.8° respectively. However with the
rotated alignment condition the range of motion decreased by 1.93° to a value of 8.67°, this
was significantly higher than the other alignment conditions (p<0.01). The kinematic align-
ment condition resulted in a significantly lower range of AA motion under the resected ACL
springs than the other alignment conditions (p<0.03).
Under the resected ACL & PCL springs the range of motion for the mechanical, varus
and rotated alignment conditions decreased to 2.2°, 1.23° and 7.22° respectively. While the
kinematic alignment condition resulted in a small increase in the range of motion to 0.9°.
The kinematic alignment condition again resulted in a significantly lower range of motion
compared to the mechanical alignment condition (p<0.01).
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.10: The mean output AA rotation for each alignment condition under the stiff knee,
resected ACL and resected ACL & PCL soft tissue conditions with the 95% CI shown with
dotted lines
Figure 7.11: The mean and 95% confidence interval of the range of motion in the AA rotation
for each alignment and soft tissue condition
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7.4.3 Effect on contact area
A Tekscan pressure sensor was used to measure the contact between the tibial and femoral
components at four points in the gait cycle. The loads and displacements at these points were
determined using the kinematic data for each soft tissue condition.
7.4.3.1 Varus Joint Line Alignment Condition
Figure 7.12 shows the average contact area and 95% CI for each point measured using the
varus joint line alignment condition.
Figure 7.12: The average contact area (mm2) with error bars showing the 95% CI (n=5) for
the varus alignment condition combined with the stiff knee, resected ACL and resected ACL
& PCL soft tissue conditions at each point in the cycle
At point 1 the stiff knee soft tissue condition resulted in a significantly lower total contact
area (p<0.01) and a significantly higher contact area at point 3 (p=0.04). However at point
2 there was no significant difference in the total contact areas for each soft tissue condition
(p=0.20).
The resected ACL soft tissue condition also resulted in a significantly higher total contact
area than the resected ACL & PCL soft tissue condition at point 3 (p<0.01).
At point 4 the resected ACL & PCL soft tissue condition resulted in a significantly higher
contact area at this point compared to the stiff knee soft tissue condition (p<0.01).
The average contact area outlines with the 95% CI shown in dotted lines for each point
in the cycle are shown in Figure 7.13 for the varus alignment and each of the soft tissue
conditions.
Under the stiff knee soft tissue condition the varus alignment condition resulted in mostly
lateral contact (Figure 7.13 (a)). At the end of the cycle the lateral contact was also small
and close to the posterior edge of the tibial insert.
Under the resected ACL soft tissue condition there was more medial loading than under
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.13: The average contact area with the 95% CI shown in dotted lines (n=5) for the
varus alignment condition with the stiff knee, resected ACL and resected ACL & PCL soft
tissue conditions
the stiff knee soft tissue condition (Figure 7.13 (b)). There was medial contact at all points in
the cycle and lateral contact at all points apart from at point 4, at the end of the cycle. The
contact points at the start of the cycle, especially point 1, were more anterior than under the
stiff knee soft tissue condition. The contact was also further from the posterior edge of the
tibial insert.
Under the resected ACL & PCL soft tissue condition there was both medial and lateral
contact at all points in the cycle (Figure 7.13 (c)). The position of the contact points were
similar to those under the resected ACL soft tissue condition. However the contact at point
4 was close to the posterior tibial edge of the insert.
7.4.3.2 Rotated Alignment Condition
The average contact area across the simulator was found under the rotated alignment condition
and each of the three soft tissue conditions (Figure 7.14).
There was no significant difference in the contact area between the resected ACL and
Chapter 7. Soft Tissues and Alignment 252
Figure 7.14: The average contact area (mm2) with error bars showing the 95% CI (n=5) for
the rotated alignment condition combined with the stiff knee, resected ACL and resected ACL
& PCL soft tissue conditions at each point in the cycle
resected ACL & PCL soft tissue conditions at any point in the cycle.
The soft tissue condition resulted in a significantly lower contact area at points 1 and 4
(p<0.04 and p<0.01) but resulted in a significantly higher contact area at point 3 (p<0.01).
Figure 7.15 shows the position of the contact areas for each point in the cycle and each
soft tissue condition.
With the stiff knee soft tissue condition there was more lateral loading in the first half of
the cycle and more medial loading in the second half of the cycle (Figure 7.15 (a)). At point
4 the contact also overlapped with the posterior edge of the tibial insert.
With the resected ACL soft tissue condition there was more medial loading at the start of
the cycle, however the loading was still unbalanced (Figure 7.15 (b)). The contact positions
however were further from the edge of the tibial insert than under the stiff knee soft tissue
condition.
With the resected ACL & PCL soft tissue condition there was more medial loading
throughout the cycle and no contact close to the posterior edge of the tibial insert (Figure
7.15 (c)).
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.15: The average contact area with the 95% CI shown in dotted lines (n=5) for the
rotated alignment condition combined with the stiff knee, resected ACL and resected ACL &
PCL soft tissue conditions at each point in the cycle
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7.4.3.3 Kinematic Alignment Condition
Figure 7.16 shows the average contact areas for the kinematic alignment condition at each
measured point in the cycle with all three soft tissue conditions. The contact area was similar
at each point in the cycle for all soft tissue conditions.
Figure 7.16: The average contact area (mm2) with error bars showing the 95% CI (n=5) for
the kinematic alignment condition combined with the stiff knee, resected ACL and resected
ACL & PCL soft tissue conditions at each point in the cycle
At points 1 and 4 there was no significant difference between the contact area with the
different soft tissue conditions (p=0.36 and p=0.48). At point 2 however the stiff knee soft
tissue condition resulted in a significantly lower total contact area (p<0.03).
At point 3 the stiff knee soft tissue condition resulted in a significantly higher total contact
area (p<0.01).
The positions of the contact areas are shown along with the 95% CI in Figure 7.17 for all
of the soft tissue conditions with the kinematic alignment. For all of the soft tissue conditions
there was only ever lateral contact at all points in the cycle.
With the stiff knee soft tissue condition the contact was more anterior throughout the gait
cycle compared to the other two soft tissue conditions (Figure 7.17 (a)).
The contact areas were similar with the resected ACL and resected ACL & PCL soft tissue
conditions (Figure 7.17 (b) and (c)). The contacts were all more posterior with the resected
ACL and resected ACL & PCL soft tissue conditions than they were with the stiff knee soft
tissue condition, however there was no contact near to the posterior tibial edge.
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.17: The average contact area with the 95% CI shown in dotted lines (n=5) for the
kinematic alignment condition combined with the stiff knee, resected ACL and resected ACL
& PCL soft tissue conditions at each point in the cycle
7.4.3.4 Comparison in Contact Area Between Alignment Conditions
The comparison in the contact area between the alignment conditions was carried out under
the stiff knee soft tissue condition in Chapter 6. In this section the contact area between the
alignment conditions will be compared under the resected ACL and resected ACL & PCL soft
tissue conditions.
The mean contact area for each alignment condition at each point in the cycle under the
resected ACL and resected ACL & PCL soft tissue conditions are shown in Figures 7.18 and
7.19. For all the alignment conditions the highest contact areas occurred at point 2 in the
cycle, where the AF was at its peak. The contact areas at points 1 and 2 were much higher
than those later in the cycle, when the AF was at its lowest.
At point 1 in the cycle, at 5% gait, under both soft tissue conditions the varus and rotated
alignment conditions resulted in significantly higher total contact areas than the mechanical
and kinematic alignment conditions (p<0.01).
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Figure 7.18: The mean contact area for all the alignment conditions under the resected ACL
soft tissue condition at each measured point in the gait cycle with error bars showing the 95%
CI (n=5)
Figure 7.19: The mean contact area for all the alignment conditions under the resected ACL
& PCL soft tissue condition at each measured point in the gait cycle with error bars showing
the 95% CI (n=5)
The varus alignment condition also resulted in a significantly higher total contact area than
all the other alignment conditions at point 2 in the cycle under both soft tissue conditions
(p<0.02).
Under the resected ACL soft tissue condition the rotated alignment condition resulted in
a significantly higher total contact area at point 3 compared to the other alignment conditions
(p<0.01).
At the end of the cycle the contact areas across all the alignment conditions were at their
lowest and similar in value.
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7.4.4 Effect on wear
Seven wear studies were carried out each for 2MC with the different alignment and soft tissue
conditions. Wear studies were carried out with the mechanical, varus and rotated alignments
with the resected ACL & PCL and the stiff knee soft tissue conditions. Only one wear study
was carried out with the tibial slope alignment under the stiff knee soft tissue condition
as it could not be run under the resected ACL & PCL soft tissue condition, therefore this
data was not included in this chapter. No wear studies were carried out using the kinematic
alignment as the purely lateral contact found under the experimental simulation may not be
representative of the conditions in vivo.
7.4.4.1 Wear rates
The mean wear rates with 95% CI for the mechanical, varus and rotational mismatch align-
ments under the resected ACL & PCL soft tissue condition were 3.06±1.57mm³/MC, 1.79±1.64mm³/MC
and 7.33±3.05mm³/MC respectively (Figure 7.20).
Figure 7.20: Wear rates over 2MC with 95% CI under the “stiff knee” and resected ACL &
PCL soft tissue conditions for mechanical, 4° varus, 14° rotational mismatch and 10° tibial
slope alignment conditions
With the resected ACL & PCL soft tissue condition the wear rates were higher for the
mechanical and varus alignment conditions compared to the wear rates with the stiff knee
soft tissue condition, however this was not significant. With the rotated components the wear
rate was lower for the resected ACL & PCL soft tissue condition than for the stiff knee soft
tissue condition but again this difference in wear was not significant.
Under the stiff knee springs the rotated and tibial slope alignments resulted in significantly
higher wear than the mechanical and varus alignments. While the varus alignment resulted
in significantly lower wear compared to the mechanical alignment.
Under the resected ACL & PCL springs the rotated alignment still resulted in a signi-
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ficantly higher wear rate than the mechanical and varus alignments (p<0.03). There was
however no significant difference between the wear rates with the mechanical and varus align-
ment conditions (p=0.36).
The investigation into the variation in kinematics and wear during the wear studies under
the stiff knee soft tissue condition was carried out in Chapter 6, in this chapter the wear
studies under the resected ACL & PCL soft tissue condition will be investigated.
Under the varus alignment condition and the resected ACL & PCL soft tissue condition,
after 1MC and 2MC one insert resulted in a much higher wear volume than the others (Figure
7.21 (b)). There was a similar wear rate across all the inserts after 1MC of 1.7mm³/MC than
1.8mm³/MC after 2MC.
The wear volume of each station of the simulator and each tibial insert after 1MC and
after 2MC are shown in Figure 7.21 (a). As with the tibial inserts one station resulted in a
much higher wear volume than the other five stations. Station 6 resulted in a very low wear
volume over the first MC, however this then increased during the second MC.
(a) Station Wear Volume (b) Insert Wear Volume
Figure 7.21: The wear volume (mm3) for each tibial insert and each station on the simulator
over 1MC and over 2MC with the varus alignment and resected ACL & PCL soft tissue
condition
After 1MC under the rotated alignment condition and the resected ACL & PCL soft tissue
condition the wear volumes of the tibial inserts ranged from 1.9mm³ to 10.2mm³ (Figure 7.22
(b)). Three of the six tibial inserts resulted in lower wear rates in the first MC compared to
the second; inserts 1, 2 and 3, 4. The overall wear rate was similar after 1MC compared to
after 2MC; 6.1mm³/MC compared to 7.3mm³/MC.
The wear volume of each station of the simulator and each tibial insert at 1MC and 2MC
is shown in Figure 7.22 (a). After 1MC station 4 resulted in the highest wear volume of
10.2mm³. Stations 3 and 6 resulted in similar wear volumes of 7.8mm³/MC and 7.3mm³/MC
respectively while the other stations resulted in lower wear volumes of 1.9mm³, 2.2mm³ and
4.2mm³ for stations 1, 2 and 5 respectively. After 2MC station 4 still resulted in a high wear
volume compared to the other stations of 20.5mm³, however stations 1,2, 3 and 5 had similar
259 Chapter 7. Soft Tissues and Alignment
values. While the wear rates of stations 6 was still lower than the other stations despite having
a higher wear rate after 2MC.
(a) Station Wear Volume (b) Insert Wear Volume
Figure 7.22: The wear volume (mm3) for each tibial insert and each station on the simulator
over 1MC and 2MC with the rotated alignment and resected ACL & PCL soft tissue condition
7.4.4.2 Kinematic variation during studies
The variation in the kinematics during the mechanical alignment wear studies were detailed
in Chapter 6 and are therefore not repeated here. The variation in the varus and rotated
wear studies with the stiff knee soft tissue condition were also detailed previously in Chapter
6. This section investigated the variation in kinematics in the remaining wear studies; the
rotated and varus alignment conditions under the resected ACL & PCL soft tissue condition.
With the varus components there was no significant difference in the AP range of motion
during the study (p=0.84). However the TR range of motion was significantly higher at 1MC
with a value of 10.0° compared to a value of 8.1° at 2MC (p<0.01). The AA range of motion
was found to be significantly higher at 0MC compared to 1MC with values of 1.2° and 1.0°
respectively (p<0.01). However this difference in the AA range of motion was small.
Under the rotational mismatch alignment condition there was a significantly different AP
range of motion at 0MC, 1MC and 2MC with values of 8.4mm, 7.6mm and 7.1mm respectively
(p<0.01). At 0MC the TR range of motion was significantly higher with a value of 11.7°
compared to 8.4° and 9.1° at 1MC and 2MC respectively (p<0.01). The AA range of motion
was also significantly higher at 1MC than 0MC however the difference in values was only 0.3°
(p=0.04).
7.4.4.3 Station variation during studies
With the varus alignment and resected ACL & PCL soft tissue condition there was variation
in the kinematics between the 6 stations of the simulator. Stations 2, 4 and 5 resulted in
significantly higher AP ranges of motion with values between 6.8mm and 7.0mm compared to
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values ranging from 5.7mm to 6.5mm on the other three stations (p<0.01). All of the stations
resulted in significantly different TR ranges of motion, but stations 2, 4 and 5 resulted in the
lowest three values ranging from 5.2° to 8.7° compared to 10.0° to 12.1° on the other stations
(p<0.01). There was less variation in the AA range of motion but stations 2 and 5 resulted
in significantly higher ranges of motion compared to stations 3 and 4 (p<0.01).
There was no correlation between the ranges of motion in the AP, TR or AA axes with
the wear rate of each station or tibial insert (Figure 7.23).
(a) Station Range of Motion vs Wear Rate (b) Tibial Insert Range of Motion vs Wear Rate
Figure 7.23: The correlation between the wear rate and range of motion under the varus
alignment condition and the resected ACL & PCL soft tissue condition for the stations (a)
and the tibial inserts (b)
Under the rotational mismatch alignment condition stations 1, 2 and 4 resulted in signi-
ficantly higher AP ranges of motion with values between 7.8mm and 8.9mm compared to the
other three stations with values from 6.8mm to 7.1mm (p<0.01). Station 6 resulted in the
highest TR range of motion of 14.3°, which was significantly higher than stations 3 - 5 with
values between 10.2° and 10.8° and stations 1 and 2 with values of 5.7° and 6.6° respectively
(p<0.01). There was less variation in the AA range of motion but station 6 had the highest
value of 6.9° and station 5 the lowest of 5.6°.
There was no correlation between the ranges of motion in the AP, TR or AA axes with
the wear rate of each station or tibial insert (Figure 7.24).
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(a) Station Range of Motion vs Wear Rate (b) Tibial Insert Range of Motion vs Wear Rate
Figure 7.24: The correlation between the wear rate and range of motion under the rotated
alignment condition and the resected ACL & PCL soft tissue condition for the stations (a)
and the tibial inserts (b)
7.4.4.4 Wear scars
The average wear scars from the varus and rotational mismatch studies under the resected
ACL & PCL soft tissue condition were determined (Figures 7.25 and 7.26). As the mechanical
alignment study was not carried out on new inserts the wear scar for this study was not able
to be analysed.
The same tibial inserts were used for the resected ACL & PCL wear studies as for the stiff
knee soft tissue condition wear study with the resected ACL & PCL study being carried out
second.
The wear scar areas were determined for the medial and lateral condyles as well as the
total area (Table 7.4). The varus alignment did not result in any overlap between the wear
scar and the edge of the tibial insert. However with the rotated components there was some
overlap on four of the six tibial inserts. This may be the same overlap that was determined
after the stiff knee soft tissue wear study.
Table 7.4: Wear scar areas (mean±95%CI, n=6) after the resected ACL & PCL studies
Alignment Lateral Area (mm²) Medial Area (mm²) Total Area (mm²)
Rotational Mismatch 415.4±19 490.8±13 906.2±25
Varus 342.5±26 425.8±17 768.3±32
Both the rotated and varus wear scars resulted in significantly larger medial wear scar
areas than lateral (p<0.01). The rotated alignment resulted in significantly larger lateral,
medial and total wear scar areas than the varus alignment (p<0.01).
Figure 7.25 shows the average wear scars for the rotated tibial inserts after each wear
study. The same tibial inserts were used for both studies, therefore the wear scar after the
resected ACL & PCL soft tissue study was the wear scar after 2MC with the stiff knee soft
tissue condition and 2MC with the resected ACL & PCL soft tissue condition. After the
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resected ACL & PCL soft tissue study the lateral wear scar resulted in a similar shape as
before but with more posterior wear. The medial wear scar resulted in much more anterior
wear than after the stiff knee wear study. This resulted in the medial and lateral wear scars
being more central in the tibial insert and being more similar to each other in terms of size
and shape. After the resected ACL & PCL wear study the medial, lateral and total wear scar
areas were significantly higher than after the stiff knee soft tissue study (p<0.01).
Figure 7.26 shows the average wear scars for the varus tibial inserts after each wear study.
Figure 7.25: The average wear scar for the rotated tibial components after 2MC with the “stiff
knee” soft tissue condition and after 2MC with the resected ACL & PCL soft tissue condition,
the same tibial components were used for each study
Figure 7.26: The average wear scar for the varus tibial components after 2MC with the “stiff
knee” soft tissue condition and after 2MC with the resected ACL & PCL soft tissue condition,
the same tibial components were used for each study
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As with the rotated components the same tibial inserts were used for both studies, therefore
the wear scar after the resected ACL & PCL soft tissue study was the wear scar after both
wear studies. After the resected ACL & PCL wear study both the lateral and medial wear
scars significantly increased in area (p=0.011). Both particularly increased in size in the
anterior direction, however the wear scar shape was similar to that after the stiff knee soft
tissue condition wear study.
7.4.4.5 Running Temperature
During each wear study the bulk temperature of the serum in each station was measured
in order to determine any differences in running temperature. The values for the wear tests
under the resected ACL & PCL soft tissue condition are shown in Table 7.5. For each study
the running temperatures across the stations and soak controls were very similar with the
station temperatures being within 0.4°c of each other and the soak controls being within 0.5°c
of each other.
Table 7.5: Mean running temperature (°c) with the 95% CI across the simulator of the stations
and soak controls during each wear study under the resected ACL & PCL soft tissue condition
Study Station Soak
Mechanical 29.0±0.4 26.7±0.4
Varus 29.4±0.2 26.8±0.2
Rotated 29.1±0.3 26.3±0.4
During each study the station temperatures were higher than the soak controls by around
3°c, this was due to the friction and heat generated in each of the stations.
7.4.4.6 Surface roughness
The surface roughness of the femoral and tibial contact surfaces were measured at the start
and end of each wear study (Table 7.6).
Table 7.6: Average surface roughness values (Ra) (µm) (mean±95%CI, n=6) for the femoral
and tibial contact surfaces at the start and end of each wear study with the resected ACL &
PCL soft tissue condition
Alignment Femoral Tibial Insert
Condition Start End Start End
Mechanical 0.051±0.025 0.053±0.026 0.427±0.168 0.339±0.175
Varus 0.045±0.018 0.050±0.019 0.317±0.114 0.266±0.095
Rotated 0.028±0.010 0.037±0.015 0.227±0.145 0.156±0.067
The surface roughness values of the femoral components were similar at the start and end of
each study. There was more variation in the surface roughness of the tibial inserts. The rotated
alignment condition had the lowest Ra value at the start and at the end of the studies. The
Ra value of the tibial inserts however decreased by a similar amount; during the mechanical
alignment study it decreased by 0.09µm, by 0.05µm with the varus alignment condition and
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by 0.07µm with the rotated alignment condition. The rotated alignment condition may have
resulted in the lowest Ra value for the tibial insert due to the higher wear rate that occurred
in the first wear study under the stiff knee soft tissue condition.
7.5 Computational Model Validation
In the previous chapter the varus, rotated, tibial slope and kinematic alignment conditions
were validated against the corresponding experimental data under the stiff knee spring con-
dition. The mechanical alignment condition was validated under all the soft tissue conditions
in Chapter 5.
The tibial slope alignment condition was too unstable to be able to be studied experi-
mentally under the resected ACL and resected ACL & PCL soft tissue conditions, therefore
no further validation can be carried out. In this section the varus, rotated and kinematic
alignment conditions will be validated under the resected ACL and resected ACL & PCL soft
tissue conditions.
7.5.1 Varus Alignment Condition
The computational result for the AP displacement under the resected ACL and resected
ACL & PCL soft tissue conditions resulted in similar profile shapes to those determined
experimentally (Figure 7.27 (a)).
The computational model however resulted in lower AP displacements in the first half of
the gait cycle and resulted in lower peak AP displacements. However as with the experimental
results there was no difference in the computational AP displacement under the resected ACL
and resected ACL & PCL soft tissue conditions for the first 50% gait, the resected ACL &
PCL soft tissue condition then resulted in a higher peak displacement value.
The computational TR rotation profiles were again similar in shape to the experimental
results (Figure 7.27 (b)). However the TR rotation was lower from 30% - 50% gait and
resulted in a slightly later peak TR rotation with the computational methods compared to
the experimental results.
As before the greatest difference in kinematics occurred with the AA rotation profiles
(Figure 7.27 (c)).
The correlation in the AP, TR and AA displacements between the computational and
experimental methods were determined for both soft tissue conditions (Figure 7.28 (a)).
For both spring conditions there was a good correlation in the AP displacement and TR
rotation with R-squared values above 0.76 and gradients from 0.7 and above (Figure 7.28
(b)). There was a much weaker correlation in the AA rotation between methods, as found
previously with the stiff knee soft tissue condition, with r-squared values of 0.18 and 0.08
(Figure 7.28 (c)).
Under both the resected ACL and resected ACL & PCL soft tissue conditions the compu-
tational and experimental contact positions were similar under the varus alignment condition
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(a) AP Displacement (b) TR Rotation
(c) AA Rotation
Figure 7.27: The AP (a), TR (b) and AA (c) displacements under the varus alignment condi-
tion and resected ACL and resected ACL & PCL soft tissue conditions using the experimental
methods (mean with 95% CI shown with dotted lines) and using the computational model
(Figures 7.29 and 7.30). As before there were some differences in the loading of the medial
and lateral compartments due to the differences in the AA rotation between the methods.
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(a) AP Displacement gradient = 0.70 and 0.83 (b) TR Rotation gradient = 0.93 and 0.71
(c) AA Rotation gradient = 0.11 and 0.08
Figure 7.28: Correlation between the computational and experimental output kinematics for
the varus alignment condition under the resected ACL and resected ACL & PCL soft tissue
conditions
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 7.29: Contact area under the varus alignment condition and the resected ACL soft
tissue condition at each point in the cycle using the computational (left with a red value
showing 40MPa) and experimental methods (right)
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 7.30: Contact area under the varus alignment condition and the resected ACL & PCL
soft tissue condition at each point in the cycle using the computational (left, 0MPa blue,
40MPa red) and experimental methods (right)
The contact area at four points in the gait cycle was determined using both the experi-
mental and computational methods (Table 7.7). Under both the resected ACL and resected
ACL & PCL soft tissue conditions the computational contact area was higher than the ex-
perimental result. However there was a similar trend in the contact areas between the two
methods, with the contact area at points 1 and 2 being much higher than those at points 3
and 4 and with the highest contact area occurring at point 2 in the cycle.
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Table 7.7: The contact area (mm²) at each point in the cycle under the varus alignment
condition and stiff knee soft tissue condition using the computational and experimental
(mean±95%CI) methods
Point
Resected ACL Resected ACL & PCL
Experimental Computational Experimental Computational
1 116.6±7.1 190.4 115.7±7.9 190.4
2 189.9±10.1 200.6 193.6±4.1 200.6
3 32.4±7.6 61.8 13.7±9.3 36.3
4 11.0±8.3 23.4 21.2±6.1 25.5
7.5.2 Rotated Alignment Condition
For the first half of the gait cycle the AP displacement profiles for the rotated alignment con-
dition under both the resected ACL and resected ACL & PCL soft tissue conditions resulted
in similar displacement values using the experimental and computational methods (Figure
7.31 (a)).
The computational methods resulted in lower peak AP displacements under both soft
tissue conditions and resulted in a minima in the AP displacement at around 70% gait. This
minima did not occur under the experimental methods which may be due to differences in
the loading pattern due to the different AA rotations at this point. It may also be due to the
internal friction within the simulator reducing the AP displacement.
The TR rotation was similar between both the experimental and computational methods
for both of the soft tissue conditions (Figure 7.31 (b)). However the computational methods
did result in a peak TR rotation before 5% gait, which did not occur using the experimental
methods, and resulted in lower peak TR displacements.
The computational and experimental methods resulted in similar AA rotation profile
shapes however the computational methods resulted in higher AA rotation values throughout
the cycle (Figure 7.31 (c)). This increase in the AA rotation may be due to the lack of mass
and internal friction in the computational model, as discussed previously. This may also have
resulted in the minima in the AP displacement with the computational model, due to the
increased AA rotation at this point in the cycle.
Due to the minima in the AP displacement in the second half of the cycle with the compu-
tational model that did not occur under the experimental methods there was poor correlation
between the computational and experimental AP displacement values with r-squared values
below 0.31 (Figure 7.32 (a)).
However there was good correlation with both the TR and AA rotations between the two
methods with r-sqaured values above 0.8 (Figure 7.32 (b)). The gradient of the linear fit of
the AA rotation was 2.1 and 2.2 for the resected ACL and resected ACL & PCL soft tissue
conditions respectively (Figure 7.32 (c)). This shows the difference in amplitude between the
two methods.
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(a) AP Displacement (b) TR Rotation
(c) AA Rotation
Figure 7.31: The AP (a), TR (b) and AA (c) displacements under the rotated alignment
condition and resected ACL and resected ACL & PCL soft tissue conditions using the exper-
imental methods (mean with 95% CI shown with dotted lines) and using the computational
model
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(a) AP Displacement gradient = 0.73 and 0.47 (b) TR Rotation gradient = 0.88 and 0.76
(c) AA Rotation gradient = 2.05 and 2.19
Figure 7.32: Correlation between the computational and experimental output kinematics for
the rotated alignment condition under the resected ACL and resected ACL & PCL soft tissue
conditions
Under both the resected ACL and resected ACL & PCL soft tissue conditions the computa-
tional and experimental contact positions were similar under the rotated alignment condition
(Figures 7.33 and 7.34). As before there were some differences in the loading of the medial
and lateral compartments due to the differences in the AA rotation between the methods and
due to differences in the AP displacement between methods.
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 7.33: Contact area under the rotated alignment condition and the resected ACL soft
tissue condition at each point in the cycle using the computational (left with a red value
showing 45MPa) and experimental methods (right)
The experimental and computational methods resulted in a similar trend in the contact
area throughout the cycle for both the resected ACL and resected ACL & PCL soft tissue
conditions (Table 7.8). Again the computational model resulted in higher contact area values
than the experimental methods however with both methods the highest contact area occurred
at point 2 in the cycle and the lowest at point 4.
273 Chapter 7. Soft Tissues and Alignment
(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 7.34: Contact area under the rotated alignment condition and the resected ACL &
PCL soft tissue condition at each point in the cycle using the computational (left, 0MPa blue,
45MPa red) and experimental methods (right)
Table 7.8: The contact area (mm²) at each point in the cycle under the rotated align-
ment condition and stiff knee soft tissue condition using the computational and experimental
(mean±95%CI) methods
Point
Resected ACL Resected ACL & PCL
Experimental Computational Experimental Computational
1 112.6±7.7 136.2 112.4±5.9 137.4
2 157.4±17.9 160.2 172.8±5.9 159.4
3 59.6±6.2 52.8 33.1±23.1 23.3
4 16.1±3.3 5.0 14.0±3.8 4.8
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7.5.3 Kinematic Alignment Condition
The AP displacement and TR rotation profiles were similar under both the experimental and
computational methods for the resected ACL and resected ACL & PCL soft tissue conditions
(Figure 7.35 (a) and (b)).
(a) AP Displacement (b) TR Rotation
(c) AA Rotation
Figure 7.35: The AP (a), TR (b) and AA (c) displacements under the kinematic alignment
condition and resected ACL and resected ACL & PCL soft tissue conditions using the exper-
imental methods (mean with 95% CI shown with dotted lines) and using the computational
model
However the computational results under the resected ACL & PCL soft tissue conditions
resulted in a spike in both the AP displacement and TR rotation at around 60% gait. At this
point in the cycle the tibiofemoral contact was on the medial, anterior edge of the tibial insert
resulting in a spike in the AA rotation (Figure 7.35 (c)).
This spike in AA rotation may have resulted in the sudden change in the AP displace-
ment and TR rotations. As before there was also an offset in the AA rotation between the
experimental and computational methods of around 6°, this may be due to the weight of the
AA arm in the experimental simulator which was not included in the computational model.
There was good correlation in the AP displacement between the two methods with r-
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squared values greater than 0.78 and gradients of 0.68 and 0.81 for the resected ACL and
resected ACL & PCL respectively (Figure 7.36 (a)).
(a) AP Displacement gradient = 0.68 and 0.81 (b) TR Rotation gradient = 0.48 and 0.51
(c) AA Rotation gradient = -0.05 and 0.85
Figure 7.36: Correlation between the computational and experimental output kinematics for
the kinematic alignment condition under the resected ACL and resected ACL & PCL soft
tissue conditions
The correlation in the TR rotation was less strong with r-squared values of 0.69 and 0.67
(Figure 7.36 (b)). The weaker correlation may be due to the greater differences in profile
shape between the two methods for example from 60% to 70% gait. However for most of the
cycle the computational results were within the 95% CI of the experimental data.
There was a very weak correlation in the AA rotation between the two methods, which as
before may be due to the lack of mass and internal friction within the computational model
(Figure 7.36 (c)).
Under both the resected ACL and resected ACL & PCL soft tissue conditions the compu-
tational and experimental contact positions were quite different under the kinematic alignment
condition (Figures 7.37 and 7.38).
This may be due to the large differences in loading between the computational and ex-
perimental methods due to the mass of the AA arm in the experimental simulator. This
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 7.37: Contact area under the kinematic alignment condition and the resected ACL
soft tissue condition at each point in the cycle using the computational (left with a red value
showing 50MPa) and experimental methods (right)
resulted in only lateral contact in the experimental simulation, which is not representative of
the conditions in vivo.
As with the other alignment conditions the computational methods resulted in higher
contact area values than the experimental methods (Table 7.9). However the values of the
contact area follow a similar trend, with the highest contact area occurring at point 2 and the
lowest at point 4 in the cycle.
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 7.38: Contact area under the kinematic alignment condition and the resected ACL &
PCL soft tissue condition at each point in the cycle using the computational (left with a red
value showing 50MPa) and experimental methods (right)
Table 7.9: The contact area (mm²) at each point in the cycle under the kinematic align-
ment condition and stiff knee soft tissue condition using the computational and experimental
(mean±95%CI) methods
Point
Resected ACL Resected ACL & PCL
Experimental Computational Experimental Computational
1 78.0±5.9 141.3 80.7±4.0 141.3
2 147.6±10.2 178.9 141.1±9.7 178.9
3 21.0±5.8 28.8 25.0±7.5 20.7
4 12.3±9.7 16.1 16.3±2.3 20.5
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7.6 Computational Results
7.6.1 Varus Joint Line Alignment Condition
The varus alignment condition was run using the computational model under all three soft
tissue conditions and under 4°, 2° and 0° varus angles.
7.6.1.1 Kinematics
The different soft tissue conditions had a greater effect on the output kinematics than the
different varus angles studied (Figures 7.39 - 7.41).
There was a minimal difference in the AP displacement and AA rotation profiles between
the varus alignment conditions (Figure 7.39 and 7.40).
(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.39: The AP displacement under 4°, 2° and 0° varus alignment conditions and the
stiff knee (a), resected ACL (b) and resected ACL & PCL (c) soft tissue conditions
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.40: The AA rotation under 4°, 2° and 0° varus alignment conditions and the stiff
knee (a), resected ACL (b) and resected ACL & PCL (c) soft tissue conditions
The 4° varus alignment condition resulted in a lower TR displacement than the 2° and 0°
varus alignments between 30% and 50% gait under the stiff knee soft tissue condition (Figure
7.41 (a)). Under the other two soft tissue conditions the 4° varus alignment condition resulted
in a lower TR rotation for the first half of the gait cycle (Figure 7.41 (b) and (c)). Otherwise
there was a minimal difference in the TR rotation between the varus alignment conditions.
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.41: The TR rotation under 4°, 2° and 0° varus alignment conditions and the stiff
knee (a), resected ACL (b) and resected ACL & PCL (c) soft tissue conditions
7.6.1.2 Contact Pressure
The contact pressure was found at the same four points in the gait cycle where the contact
area was measured experimentally under the resected ACL and resected ACL & PCL soft
tissue conditions (Figures 7.42 and 7.43).
The 4° varus alignment resulted in more medial loading than the 2° and 0° varus alignment
conditions under both the resected ACL and resected ACL & PCL soft tissue conditions. This
is similar to what was found previously under the stiff knee soft tissue condition.
The contact at point 3 in the cycle was close to the anterior edge of the tibial insert,
especially with the mechanical alignment condition, under the resected ACL & PCL soft
tissue condition.
The peak contact pressure at each point in the cycle was found under the resected ACL
and resected ACL & PCL soft tissue conditions (Tables 7.10 and 7.11). For both of the soft
tissue conditions the 4° varus alignment condition resulted in the lowest pressure out of the
alignment conditions at point 1 in the cycle, however it also resulted in the highest pressure
of the varus alignment conditions at point 2 in the cycle. The 2° and 0° varus alignment
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 7.42: Computational prediction of the contact pressure under 4° varus (left), 2° varus
(centre) and mechanical alignment (right) under the resected ACL soft tissue condition (0MPa
blue, 40MPa red)
conditions resulted in the peak pressure occurring at point 1 in the cycle and decreasing
during the rest of the gait cycle. However for the 4° varus alignment the pressure increased
to its peak at point 2.
This may be due to the position of the peak contact pressure; at point 1 in the cycle for
the 2° and 0° varus alignments this occurred on the lateral condyle, therefore the increased
medial loading with the 4° varus alignment resulted in a lower overall peak pressure.
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 7.43: Computational prediction of the contact pressure under 4° varus (left), 2° varus
(centre) and mechanical alignment (right) under the resected ACL & PCL soft tissue condition
(0MPa blue, 40MPa red)
Table 7.10: The peak contact pressure (MPa) for the 4°, 2° and 0° varus alignment conditions
under the resected ACL soft tissue condition
Point 4° 2° 0°
1 15.3 25.6 27.4
2 34.4 20.1 19.7
3 12.7 12.5 15.6
4 11.2 9.9 12.2
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Table 7.11: The peak contact pressure (MPa) for the 4°, 2° and 0° varus alignment conditions
under the resected ACL & PCL soft tissue conditions
Point 4° 2° 0°
1 15.4 25.6 27.4
2 37.0 20.1 19.7
3 13.4 15.0 13.0
4 11.1 11.8 12.2
However at point 2 in the cycle the peak contact pressure was on the medial tibial condyle
for the 2° and 0° varus alignments, therefore the increased medial loading resulted in a higher
peak pressure under the 4° varus alignment condition.
7.6.1.3 Contact Area
The contact area throughout the gait cycle was found for all three varus alignment and soft
tissue conditions (Figure 7.44).
(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.44: The contact area (mm²) under 4°, 2° and 0° varus alignment conditions under
the stiff knee (a), resected ACL (b) and resected ACL & PCL (c) soft tissue conditions
The contact area under the 4° varus alignment condition and the resected ACL and resected
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ACL & PCL soft tissue conditions had a higher initial peak and was then lower than the others
studied between 20% and 50% gait (Figure 7.44 (b) and (c)). Otherwise there was a minimal
difference in the contact area between the varus alignment and soft tissue conditions. This
difference in contact area may be due to the differences in loading between the varus alignment
conditions.
7.6.2 Rotated Alignment Condition
The rotated alignment condition was run using the computational model under all three soft
tissue conditions and under 14°, 8°, 4° and 0° rotational mismatch.
7.6.2.1 Kinematics
The soft tissue conditions had a greater effect on the AP displacement than the rotational
mismatch alignment conditions (Figure 7.45).
(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.45: The AP displacement under 14°, 8°, 4° and 0° rotational mismatch alignment
conditions and the stiff knee (a), resected ACL (b) and resected ACL & PCL (c) soft tissue
conditions
However under the 14° rotational mismatch alignment condition there was a minima of -7°
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at around 70% gait under the resected ACL and resected ACL & PCL soft tissue conditions
which did not occur in any of the other displacement profiles (Figure 7.45 (b) and (c)).
This spike in the anterior displacement may be due to the high AA rotation that occurred
at this point under the same alignment condition (Figure 7.46).
(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL (d) Peak Adduction vs Rotational Mismatch
Figure 7.46: The AA rotation under 14°, 8°, 4° and 0° rotational mismatch alignment con-
ditions and the stiff knee (a), resected ACL (b) and resected ACL & PCL (c) soft tissue
conditions. The relationship between the peak adduction rotation and the rotational mis-
match was found for each soft tissue condition (d)
Under mechanical alignment conditions the AA rotation was low and was mainly abduc-
tion. However all the rotational mismatch alignment conditions resulted in more adduction
rotation, with peaks at 15% and 70% gait.
The amplitude of this profile increased linearly as the rotational mismatch increased (Fig-
ure 7.46 (d)). With the resected ACL and resected ACL & PCL soft tissues conditions the
gradient of the linear fit was lower, resulting in a lower increase in the peak adduction as the
rotational mismatch increased.
The TR rotation profile had a similar shape under 4° rotational mismatch and under
mechanical alignment conditions, with a plateau from 25% to 50% gait followed by a peak
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at around 60% gait (Figure 7.47). However the profile shapes under 8° and 14° rotational
mismatch did not have this initial plateau or peak.
(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL (d) Peak TR vs Rotational Mismatch
Figure 7.47: The TR rotation under 14°, 8°, 4° and 0° rotational mismatch alignment con-
ditions and the stiff knee (a), resected ACL (b) and resected ACL & PCL (c) soft tissue
conditions. The relationship between the peak internal TR rotation and the rotational mis-
match was found for each soft tissue condition (d)
The higher the rotational mismatch the greater the offset between the TR rotation profiles,
as the rotational mismatch increased so did the peak TR (Figure 7.47 (d)).
The linear fit of this relationship resulted in a similar gradient for all three soft tissue
conditions, however the resected ACL and resected ACL & PCL soft tissue conditions resulted
in a higher y-intercept value. This shift in the linear fit replicates the increase in peak TR
due to the change in soft tissue condition. This shift may be due to the spring gap of ±6°
with these soft tissue conditions.
7.6.2.2 Contact Pressure
The contact pressure was found at the same four points in the gait cycle where the contact
area was measured experimentally under the resected ACL and resected ACL & PCL soft
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tissue conditions (Figures 7.48 and 7.49).
(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 7.48: Computational prediction of the contact pressure under 14°, 8°, 4° and 0° rota-
tional mismatch (from left to right) under the resected ACL soft tissue condition (0MPa blue,
45MPa red)
Under both soft tissue conditions the tibiofemoral contact points were similar across all
the rotational mismatch conditions at points 1 and 2 in the cycle. However at point 3 in the
cycle the 14° and 8° rotational mismatch alignment conditions resulted in a narrow medial
contact close to the centre of the tibial insert. At point 4 in the cycle they also resulted in
contact on the posterior edge of the tibial insert.
Under the resected ACL & PCL soft tissue condition the 4° rotational mismatch and
mechanical alignment condition resulted in contact on the anterior edge of the tibial insert.
While under both soft tissue conditions the 14° rotational mismatch alignment condition
resulted in contact on the posterior edge of the tibial insert at the end of the cycle, which
may be due to the peak in anterior displacement at this point.
The peak contact pressure at each point in the cycle was found under the resected ACL
and resected ACL & PCL soft tissue conditions (Tables 7.12 and 7.13).
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 7.49: Computational prediction of the contact pressure under14°, 8°, 4° and 0° ro-
tational mismatch (from left to right) under the resected ACL & PCL soft tissue condition
(0MPa blue, 45MPa red)
Table 7.12: The peak contact pressure (MPa) under 14°, 8°, 4° and 0° rotational mismatch
alignment conditions under the resected ACL soft tissue condition
Point 14° 8° 4° 0°
1 25.7 16.3 19.4 27.4
2 31.5 32.3 30.2 19.7
3 26.1 21.3 13.8 15.6
4 41.1 13.0 12.5 12.2
Under both soft tissue conditions the 14° rotational mismatch alignment condition resulted
in the highest peak contact pressure out of the alignment conditions. This peak contact
occurred at point 4 in the cycle and may be due to contact on the posterior edge of the tibial
insert. On all the other alignment conditions the contact pressure at this point was low; below
15MPa.
At point 1 in the cycle under both soft tissue conditions the 14° rotational mismatch and
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Table 7.13: The peak contact pressure (MPa) under 14°, 8°, 4° and 0° rotational mismatch
alignment conditions under the resected ACL & PCL soft tissue conditions
Point 14° 8° 4° 0°
1 26.7 16.2 19.3 27.4
2 34.7 33.8 26.3 19.7
3 17.3 21.1 18.9 13.0
4 39.8 10.2 12.5 12.2
mechanical alignment conditions resulted in similar contact pressures, higher than those found
under the 8° and 4° rotational mismatch alignment conditions. This peak pressure occurred
on the lateral condyle, close to the centre of the tibial insert and its positioning may be why
the contact pressure was higher than the other alignment conditions where the lateral contact
was more central with respect to the lateral condyle.
At points 2 and 3 in the cycle under the resected ACL soft tissue condition and at point
2 under the resected ACL & PCL soft tissue condition the contact pressure increased as the
rotational mismatch increased. Again this may be due to the position of the contact point.
7.6.2.3 Contact Area
The contact area throughout the gait cycle was found for all rotational mismatch alignment
and soft tissue conditions (Figure 7.50).
Under all the soft tissue conditions the 14° rotational mismatch alignment condition res-
ulted in a lower contact area, especially from 30% to 50% gait. The 8° rotational mismatch
alignment condition resulted in a slightly lower contact area at this point in the cycle as well,
though the difference in contact area was small.
7.6.3 Tibial Slope Alignment Condition
The tibial slope alignment condition was run using the computational model under all three
soft tissue conditions and under 10°, 4° and 0° posterior tibial slope.
7.6.3.1 Kinematics
Unlike with the experimental simulation the 10° posterior tibial slope alignment condition
could be run under the resected ACL and resected ACL & PCL soft tissue conditions using
the computational model, despite being unstable.
The 4° posterior tibial slope alignment condition resulted in similar AP, TR and AA output
kinematics as the mechanical alignment condition for the first 60% of the gait cycle (Figures
7.51 - 7.53). However after 60% gait there was a sharp increase in anterior displacement,
internal rotation and adduction rotation under the resected ACL and resected ACL & PCL
soft tissue conditions.
There was an anterior shift in the AP profile with the 4° tibial slope alignment compared
to the mechanical alignment condition (Figure 7.51). However under the 10° posterior tibial
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(a) Stiff Knee (b) Resected ACL
(c) Stiff Knee
Figure 7.50: The contact area (mm²) under 14°, 8°, 4° and 0° rotational mismatch alignment
conditions under the stiff knee (a), resected ACL (b) and resected ACL & PCL (c) soft tissue
conditions
slope alignment condition there was a greater shift in the AP displacement profile.
With the 10° tibial slope alignment the AP displacement profiles was shifted around 4mm
anteriorly under the resected ACL and resected ACL & PCL soft tissue conditions, under the
stiff knee soft tissue condition this shift was lower. Unlike the mechanical and 4° tibial slope
alignment conditions there was no increase in the peak AP displacement under the resected
ACL & PCL soft tissue condition compared to the resected ACL soft tissue condition under
the 10° tibial slope condition. This may be due to the AP spring gap of ±2.5mm and the peak
AP displacement of 2.4mm under the 10° tibial slope and resected ACL soft tissue condition.
The 10° posterior tibial slope alignment resulted in a lower peak anterior displacement
than the 4° tibial slope alignment condition. This higher anterior displacement at this point
in the cycle may be due to the higher posterior displacement at 50% gait under the 4° tibial
slope alignment; the increased displacement would have resulted in a higher anterior force
from the virtual spring and increased momentum as the anterior displacement increased.
The 10° posterior tibial slope also resulted in a different shape TR rotation profile under
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.51: The AP displacement under 10°, 4° and 0° posterior tibial slope alignment con-
ditions and the stiff knee (a), resected ACL (b) and resected ACL & PCL (c) soft tissue
conditions
the resected ACL and resected ACL & PCL soft tissue conditions (Figure 7.52 (b) and (c)).
There was no peak at 60% gait, instead there was a plateau followed by a spike in the TR
displacement at around 65% gait, which suggests instability. This spike in the TR rotation
also occurred under the 4° tibial slope alignment condition. This spike was higher under the
resected ACL & PCL soft tissue condition with a peak value of around 15°. The 10° tibial
slope alignment condition also resulted in a much higher TR rotation between 65% to 85%
gait under the resected ACL and resected ACL & PCL soft tissue conditions compared to the
mechanical alignment condition.
The 10° tibial slope also resulted in a different shape AA rotation profile under the resected
ACL and resected ACL & PCL soft tissue conditions (Figure 7.53 (b) and (c)). The minimum
and maximum in the AA rotation profiles occurred much later in the cycle compared to the
other alignment conditions. This shift in the AA rotation profile may be due to the different
TR rotation profile shapes.
The 4° tibial slope alignment condition resulted in a sudden increase in the adduction ro-
tation after 60% gait under the resected ACL and resected ACL & PCL soft tissue conditions.
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.52: The TR rotation under 10°, 4° and 0° posterior tibial slope alignment conditions
and the stiff knee (a), resected ACL (b) and resected ACL & PCL (c) soft tissue conditions
This was at the same point in the cycle where there was a sudden increase in the anterior
displacement.
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.53: The AA rotation under 10°, 4° and 0° posterior tibial slope alignment conditions
and the stiff knee (a), resected ACL (b) and resected ACL & PCL (c) soft tissue conditions
7.6.3.2 Contact Pressure
The contact pressure was found at the same four points in the gait cycle where the contact
area was measured experimentally (Figures 7.54 and 7.55).
At points 1 and 2 in the cycle the 10° and 4° posterior tibial slope alignment conditions
resulted in similar contact positions under both soft tissue conditions. The contact was central
in the tibial insert at the start of the gait cycle however there was contact on the lateral
posterior edge of the tibial insert at point 2 in the cycle. Whereas with the mechanical
alignment condition there was no edge contact. This may be due to the increased anterior
displacement under the tibial slope alignment.
The 4° tibial slope alignment condition resulted in edge contact on the posterior, lateral
edge of the tibial insert at point 3 in the cycle under the resected ACL soft tissue condition.
However under the resected ACL & PCL soft tissue condition there was no edge contact. This
difference may be due to the difference in AP displacement at this point in the cycle; there
was more posterior tibial displacement under the resected ACL & PCL soft tissue condition.
For the 10° and 4° tibial slope alignment conditions there was edge contact at point 4 in
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the cycle for both the soft tissue conditions. For the 4° tibial slope alignment condition this
contact was slightly more posterior than the 10° tibial slope alignment condition which may
be due to the higher anterior displacement at this point.
(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 7.54: Computational prediction of the contact pressure under 10° posterior tibial slope
(left), 4° posterior tibial slope (centre) and mechanical alignment (right) under the resected
ACL soft tissue condition (0MPa blue, 40MPa red)
The peak contact pressure at each point in the cycle was found under the resected ACL
and resected ACL & PCL soft tissue conditions (Tables 7.14 and 7.15).
At point 1 in the cycle the mechanical alignment condition had the highest peak pressure
and the 10° tibial slope condition the lowest for both soft tissue conditions
At point 2 in the cycle the mechanical alignment condition had the lowest peak pressure
295 Chapter 7. Soft Tissues and Alignment
(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 7.55: Computational prediction of the contact pressure under 10° posterior tibial slope
(left), 4° posterior tibial slope (centre) and mechanical alignment (right) under the resected
ACL & PCL soft tissue condition (0MPa blue, 40MPa red)
due to there being no contact on the posterior edge of the tibial insert. The pressure for both
the tibial slope alignment conditions was similar for both soft tissue conditions.
At point 3 in the cycle the 4° tibial slope alignment condition resulted in the highest peak
pressure under the resected ACL soft tissue condition due to the contact on the posterior edge
of the tibial insert. However under the resected ACL & PCL soft tissue condition the peak
pressure value was similar between both tibial slope alignment conditions.
At point 4 in the cycle the 10° and 4° tibial slope alignment condition resulted in the high
peak pressure values due to the edge contact on the tibial insert. However due to the more
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posterior contact under the 4° tibial slope the peak pressure under this alignment condition
was highest.
Table 7.14: The peak contact pressure (MPa) for 10° posterior tibial slope, 4° posterior tibial
slope and mechanical alignment conditions under the resected ACL soft tissue condition
Point 10° 4° 0°
1 13.5 16.5 27.4
2 30.5 29.1 19.7
3 7.6 24.0 15.6
4 29.9 38.5 12.2
Table 7.15: The peak contact pressure (MPa) for 10° posterior tibial slope, 4° posterior tibial
slope and mechanical alignment conditions under the resected ACL & PCL soft tissue condi-
tions
Point 10° 4° 0°
1 13.9 16.5 27.4
2 30.5 34.4 19.7
3 10.9 9.2 13.0
4 29.7 35.4 12.2
7.6.3.3 Contact Area
The contact area throughout the gait cycle was found for the tibial slope alignment and soft
tissue conditions (Figure 7.56). For all the alignment and soft tissue conditions the contact
area was similar, however under the resected ACL and resected ACL & PCL soft tissue
conditions the tibial slope alignment conditions resulted in a lower contact area at around
15% gait compared to the mechanical alignment. This decrease may be due to edge loading
on the tibial insert.
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.56: The contact area (mm²) under 10° posterior tibial slope, 4° posterior tibial slope
and mechanical alignment conditions under the stiff knee (a), resected ACL (b) and resected
ACL & PCL (c) soft tissue conditions
7.6.4 Kinematic Alignment Condition
The kinematic alignment condition was run using the computational model under all three
soft tissue conditions and under the same kinematic alignment as that studied experimentally,
half the experimentally studied angles and mechanical alignment conditions.
7.6.4.1 Kinematics
The mechanical alignment condition and the kinematic alignment condition with half the val-
ues studied experimentally resulted in similar AP displacement profiles (Figure 7.57). The
kinematic alignment with the values studied experimentally resulted in more anterior dis-
placement during all of the gait cycle. For all the kinematic alignment conditions the different
soft tissue conditions affected the amplitude of the displacement profiles.
The soft tissue conditions had more of an effect on the TR rotation than the different
kinematic alignment conditions (Figure 7.58). The kinematic alignment condition studied
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.57: The AP displacement under the kinematic alignment studied experimentally,
alignment with half the angles studied experimentally and mechanical alignment conditions
and the stiff knee (a), resected ACL (b) and resected ACL & PCL (c) soft tissue conditions
experimentally however resulted in a spike in the TR rotation resulting in a higher peak
TR rotation than the other alignment conditions under the resected ACL & PCL soft tissue
condition. This spike in the TR rotation suggests that there may be some instability under
this alignment and soft tissue condition.
There was an offset in the AA rotation between the three kinematic alignment conditions;
with the AA rotation centred around 6° with the experimental values, around 3° with half the
experimental values and around 0° under the mechanical alignment condition (Figure 7.59).
These values of this offset were equal to the difference in angle between the femoral and
tibial components in the coronal plane. The shape of the AA rotation profiles was similar
between the mechanical alignment and half experimental values alignment conditions for all
the soft tissue conditions; the resected ACL & PCL soft tissue condition resulted in more
adduction than the other soft tissue conditions.
However under the kinematic alignment condition studied experimentally there was a
minima in the AA rotation at around 60% gait with both the resected ACL and resected
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.58: The TR rotation under the kinematic alignment studied experimentally, align-
ment with half the angles studied experimentally and mechanical alignment conditions and
the stiff knee (a), resected ACL (b) and resected ACL & PCL (c) soft tissue conditions
ACL & PCL soft tissue conditions. With the resected ACL & PCL soft tissue condition this
minima was lower and corresponds with the peak in the TR rotation. These spikes may be
due to the contact on the anterior edge of the tibial insert at this point in the cycle.
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.59: The AA rotation under the kinematic alignment studied experimentally, align-
ment with half the angles studied experimentally and mechanical alignment conditions and
the stiff knee (a), resected ACL (b) and resected ACL & PCL (c) soft tissue conditions
7.6.4.2 Contact Pressure
The contact pressure was found at the same four points in the gait cycle where the contact
area was measured experimentally under the resected ACL and resected ACL & PCL soft
tissue conditions (Figures 7.60 and 7.61).
Under both the resected ACL and resected ACL & PCL soft tissue conditions the tibiofemoral
contact position was similar across all three kinematic alignment conditions. At point 3 in
the cycle however the kinematic alignment condition studied experimentally resulted in con-
tact on the medial, anterior edge of the tibial insert. This also occurred with the kinematic
alignment with half the values studied experimentally under the resected ACL & PCL soft
tissue condition.
The peak contact pressure at each point in the cycle was found under the resected ACL
and resected ACL & PCL soft tissue conditions (Tables 7.16 and 7.17).
Under the resected ACL soft tissue condition the kinematic alignment conditions resulted
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 7.60: Computational prediction of the contact pressure under kinematic alignment
studied experimentally (left), alignment with half the angles studied experimentally (centre)
and mechanical alignment (right) under the resected ACL soft tissue condition (0MPa blue,
50MPa red)
in higher contact pressures than the mechanical alignment condition at points 1-3 in the
cycle. While with the resected ACL & PCL soft tissue condition the experimental kinematic
alignment condition resulted in the highest pressure at points 1 and 2 but the lowest pressure
at point 3. The low pressure value at point 3 in the cycle may be due to the position of the
contact as it was on the edge of the measured area, this is a limitation of this model. Due to
the instability of the alignment condition increasing the area of the tibial surface where the
contact pressure was calculated resulted in a significant increase in the model running time,
which was not able to be carried out.
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(a) Point 1
(b) Point 2
(c) Point 3
(d) Point 4
Figure 7.61: Computational prediction of the contact pressure under kinematic alignment
studied experimentally (left), alignment with half the angles studied experimentally (centre)
and mechanical alignment (right) under the resected ACL & PCL soft tissue condition (0MPa
blue, 50MPa red)
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Table 7.16: The peak contact pressure (MPa) for the kinematic alignment studied experi-
mentally, alignment with half the angles studied experimentally and mechanical alignment
conditions under the resected ACL soft tissue condition
Point
Experimental Half Experimental Mechanical
Alignment Alignment Alignment
1 36.4 33.7 27.4
2 45.6 32.5 19.7
3 23.4 17.6 15.6
4 10.5 10.9 12.2
Table 7.17: The peak contact pressure (MPa) for the kinematic alignment studied experi-
mentally, alignment with half the angles studied experimentally and mechanical alignment
conditions under the resected ACL & PCL soft tissue conditions
Point
Experimental Half Experimental Mechanical
Alignment Alignment Alignment
1 34.6 33.7 27.4
2 45.6 32.5 19.7
3 8.5 26.6 13.0
4 10.3 10.9 12.2
7.6.4.3 Contact Area
The contact area throughout the gait cycle was found for the kinematic alignment and soft
tissue conditions (Figure 7.62).
The mechanical alignment condition resulted in higher contact area for the first half of the
gait cycle than both the kinematic alignment conditions under all the soft tissue conditions
studied, which may result in increased wear rates.
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(a) Stiff Knee (b) Resected ACL
(c) Resected ACL and PCL
Figure 7.62: The contact area (mm²) under the kinematic alignment studied experimentally,
alignment with half the angles studied experimentally and mechanical alignment conditions
under the stiff knee (a), resected ACL (b) and resected ACL & PCL (c) soft tissue conditions
7.7 Discussion
In this study the effect of the soft tissue conditions in combination with the varus, rotated,
kinematic and tibial slope alignment conditions were investigated on the output kinemat-
ics, contact pressure and wear rates. Each alignment condition responded differently to the
changes in the soft tissues.
7.7.1 Varus Joint Line Alignment Condition
Under the varus joint line alignment condition the different soft tissue conditions had a similar
effect on the kinematics as under mechanical alignment; the lower tension soft tissue conditions
resulted in increased displacements, with all the displacement profiles centred around zero.
One previous study found that a varus or valgus component alignment had a minimal effect
on the output AP and TR kinematics, which confirms this finding [92].
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However unlike the mechanical alignment the lower tension springs also resulted in more
balanced loading across the tibial compartments due to an increase in medial loading. The
increase in medial loading under the varus alignment condition compared to the mechanical
alignment is again similar to what has been found previously [52, 151, 189, 201]. However
some previous studies have simulated a varus leg alignment rather than the varus joint line
simulated in this study [52, 189, 201]. Clinically a varus leg alignment would result in a more
medial joint force [154] which was not simulated in this study.
Under the resected ACL & PCL soft tissue condition the mechanical alignment resulted in
contact on the anterior edge of the tibial insert. However under the varus alignment conditions
the contact was more central, reducing the potential for damage on the edge of the insert.
The soft tissue conditions had a greater influence on the output kinematics than the varus
alignment conditions. In the computational study the difference in varus angle between 4°, 2°
and 0° had a minimal effect on the output kinematics. However the higher varus alignment
of 4° resulted in more medial tibial loading and a higher peak contact pressure compared to
the 2° and 0° alignment conditions.
Under the resected ACL & PCL soft tissue condition the varus alignment resulted in higher
wear than under the stiff knee soft tissue condition, this increase in wear is similar to that
determined under mechanical alignment, however as the wear rate was so low this may not
be significant. In this study the medial wear scar was found to be larger than the lateral wear
scar under the varus alignment condition. This increase in medial wear under varus alignment
conditions was also similar to a previous study [195].
However other studies have found that an angle of 3° varus resulted in double the wear
rate which is the opposite found in this study [66, 184]. Differences in the wear rate found in
this study to previous studies may be due to the use of explants or may be due to differences
in the UHMWPE; for example the level of cross-linking. One of these studies was also a
retrieval study therefore a range of other factors, such as BMI may have affected the wear
rates.
During the wear study there was more variation in the kinematics, especially the TR and
the AA displacements, with the varus components compared to the mechanical alignment
wear studies. With mechanical alignment the differences over time were small, where as with
the varus alignment some of the differences in displacement values were much higher. This
may be due to an increased variation between stations or may be due to increased variation
due to some instability of the alignment condition.
Variation in the AA rotation may also have been due to it’s measurement; the AA rotation
was measured using a potentiometer which zeroed every time the simulator was initialised.
Therefore any variation in the AA position as the simulator was initialised would result in an
offset in the AA measurement.
Under the lower tension resected ACL & PCL soft tissue condition the varus alignment
resulted in more balanced loading and less contact on the edge of the tibial insert. Therefore
for patients where the ligaments have been damaged or removed a varus component alignment
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may result in better patient satisfaction. The 4° varus alignment condition also resulted in
a lower contact area during the gait cycle, which may help reduce surface wear rates. The
wear rate under the resected ACL & PCL soft tissue condition was found to be lower than
the mechanical alignment condition.
7.7.2 Rotated Alignment Condition
Under the rotated alignment condition the lower tension springs had a similar effect on the
AP displacement as under the varus and mechanical alignment conditions. The soft tissue
conditions had a greater effect on the AP displacement than the rotational mismatch con-
ditions. However under the 14° rotational mismatch alignment there was a peak in anterior
displacement that did not occur in the other alignment conditions and may be a sign of
instability.
The rotational mismatch had more of an effect on the TR rotation. The TR range of
motion did not vary between the rotational mismatch and soft tissue conditions; instead there
was a shift in the displacement profile. This shift in the displacement rather than an increase
in the range of motion was similar to another study using the same TKR [92].
As the rotational mismatch between the components increased so did the offset between
the TR rotation profiles. The shape of the TR rotation profile was similar to the mechanical
alignment condition under the 4° rotational mismatch alignment condition, however as the
rotational mismatch increased to 8° and 14° the shape of the profile changed significantly,
removing the peak at 60% gait. As discussed previously internal rotation of the tibia clinically
can result in an increased Q angle, leading to pain and instability [22, 43, 64, 138, 153, 169,
175]. In this study the lower tension resected ACL and resected ACL & PCL soft tissue
conditions and the rotational mismatch resulted in increased internal tibial rotation.
The rotated alignment condition also resulted in more AA rotation than the other align-
ments. The peak adduction rotation increased as the rotational mismatch of the components
increased. The lower tension soft tissue conditions also resulted in lower AA displacements,
which may have been due to the shift in the tibial rotation. The conformity of the tibial insert
and the off centre contact point may result in an AA moment due to the curvature of the
tibial insert. As the mismatch between the components reduced there may have been a more
central contact point and therefore a lower AA moment. An increased adduction moment may
contribute to the development of knee pain [170] and the lower tension soft tissue conditions
resulted in lower adduction.
In the experimental study with the rotated alignment the contact for the first half of
the cycle was on the lateral condyle of the tibial insert, this then shifted to being mainly
on the medial condyle in the second half of the cycle. This may be due to the change from
abduction to adduction resulting in a change in the loading. As the rotated alignment resulted
in the largest change in the AA rotation this may be why this pattern was only seen with this
alignment condition. There was imbalanced loading of the tibial insert under all the soft tissue
conditions resulting in just medial loading at the end of the cycle. However the lower tension
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resected ACL & PCL soft tissue condition resulted in the most balanced loading, especially
during the first half of the gait cycle.
There was more instability under lower tension soft tissue conditions, resulting in some lift
off when no soft tissue restraints were applied. Under the stability testing, with lower tension
soft tissue conditions, lift off occurred, as the medial femoral condyle moved up the posterior
lip of the tibial insert. The lower tension springs resulted in more internal rotation throughout
the cycle, reducing the rotational mismatch between the tibial and femoral components.
As with the varus alignment condition during the wear study there was more variation in
the kinematics, especially the TR and the AA rotations. Again this may be due to an increased
variation between stations or may be due to increased variation due to the instability of the
alignment condition. There was a linear relationship between the peak AA and TR rotations
with the rotational mismatch. The AA rotation was more sensitive under the soft tissue
condition than the lower tension conditions to changes in the rotational alignment of the
components.
In the computational study under both the resected ACL and resected ACL & PCL soft
tissue conditions the 14° rotational mismatch alignment resulted in higher peak pressures than
the 8° and 4° rotational mismatch and mechanical alignment conditions. This occurred at the
end of the gait cycle, where the contact was on the posterior edge of the tibial condyle. For
most of the points measured as the rotational mismatch increased so did the contact pressure.
The 14° rotational mismatch alignment condition resulted in significantly higher wear rates
than the mechanical and varus alignment conditions under both the soft tissue conditions stud-
ied. This is similar to a previous computational study that found that rotational alignment
resulted in high wear rates [135]. Unlike the mechanical and varus alignment conditions the
rotated alignment condition resulted in a lower wear rate under the resected ACL & PCL soft
tissue condition than under the stiff knee soft tissue condition, however the difference in wear
was not significant. This may be due to the lower tension soft tissue condition allowing the
TR rotation to increase and reduce the rotational mismatch between the components.
The rotational mismatch alignment conditions resulted in similar AP displacement to the
mechanical alignment condition, however the peak TR and AA rotations increased as the
rotational mismatch increased. Under just 4° rotational mismatch the shape and range of
the TR rotation profile was similar to under mechanical alignment conditions. There was
an increased AA rotation and peak pressure values under 4° rotational mismatch compared
to mechanical alignment conditions, however these were small. Rotational mismatch of the
femoral and tibial components should therefore be kept within 4° in order to keep the shape
and range of motion of the TR rotation and to minimise the peak contact pressure and AA
moment.
7.7.3 Tibial Slope Alignment Condition
The posterior tibial slope alignment condition could not be studied experimentally under the
resected ACL or resected ACL & PCL soft tissue conditions as it was too unstable. Under
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these soft tissue conditions the femoral component would dislocate off the posterior side of
the tibial insert before the input profiles could be tuned properly. The instability of the tibial
slope alignment may have been partially due to the anterior tibial displacement causing a
more posterior contact point.
However the computational simulation was able to run with the 10° posterior tibial slope
alignment condition under both lower tension soft tissue conditions. Under these soft tissue
conditions however the 10° and 4° posterior tibial slope alignment conditions were unstable
resulting in sudden changes in the output displacements. The profile shape for the TR rotation
was also very different to that found under the stiff knee soft tissue condition.
Under the 4° tibial slope the kinematics were similar for both the resected ACL and
resected ACL & PCL soft tissue conditions. For the first 60% of the gait cycle the kinematics
were similar to those under mechanical alignment. However after this point there was a sudden
increase in the anterior displacement, internal rotation and adduction rotation.
There was a greater increase in the anterior displacement under the 4° tibial slope align-
ment condition than the 10° tibial slope condition, this may be due to the higher peak posterior
displacement before this point resulting in a greater anterior force from the virtual springs.
This consequently may have resulted in the increased instability due to the femorotibial con-
tact occurring right on the posterior edge of the tibial insert.
The AP displacement profile for the 10° posterior tibial slope alignment was shifted around
4mm anteriorly under the resected ACL and resected ACL & PCL soft tissue conditions.
The increased anterior displacement is similar to that found under the stiff knee soft tissue
condition as well as previous studies [114] As discussed previously this increase in anterior
displacement may be beneficial for CR knees in providing femoral rollback [179]. However
there was also some instability with spikes in the TR rotation profiles.
In the computational study the 10° and 4° tibial slope alignment conditions resulted in
different shaped TR and AA rotation profiles under the resected ACL and resected ACL &
PCL soft tissue conditions compared to the mechanical alignment condition. Under the lower
tension soft tissue conditions there was a sharp increase in the TR rotation and a later peak
in the AA rotation profile under the 10° tibial slope alignment condition. While under the 4°
tibial slope there was a higher peak adduction rotation. This increase in the peak TR and
AA rotations may result in knee pain and instability clinically due to the increase in the Q
angle [22, 43, 64, 138, 153, 169, 175].
Both tibial slope alignment conditions resulted in higher peak contact pressure values than
under mechanical alignment conditions due to edge contact on the tibial insert. This edge
contact could result in damage to the tibial insert in vivo and higher wear rates over a long
term study.
The surgical guidelines for this TKR are no tibial slope. Under the 4° posterior tibial
slope alignment condition there was edge contact and instability during the cycle under the
lower tension soft tissue conditions. This suggests that for this TKR the posterior tibial slope
should be less than 4° in order to prevent instability or damage occurring on the edge of the
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tibial insert. There was an increase in the anterior displacement, which may be beneficial for
a CR patient, however for patients with low tension soft tissue conditions this tibial slope
value was too high, causing instability.
7.7.4 Kinematic Alignment Condition
The kinematic alignment condition with half the values studied experimentally resulted in
a similar AP displacement profile as the mechanical alignment condition. However with the
kinematic alignment condition studied experimentally there was a shift in the AP displacement
profile in the anterior direction. This AP shift only occurred experimentally with the kinematic
alignment condition. This may be due to the posterior tibial slope and the soft tissue gaps
that occurred in the resected ACL and resected ACL & PCL soft tissue conditions, resulting
in a more posterior tibiofemoral contact. The TR rotation profiles were similar across all
alignment conditions.
In the experimental study the kinematic alignment condition resulted in very similar AP
displacement and TR rotation profiles under the resected ACL and resected ACL & PCL soft
tissue conditions. This may have been due to the size of the soft tissue gaps; the TR springs
had a gap of 6° and the peak TR rotation for the resected ACL and resected ACL & PCL soft
tissue conditions was 6.4° and 6.6° respectively. Therefore the TR springs were only applied
over a very small section of the cycle. The AP springs had a gap of 2.5mm, the peak AP
displacements were 2.4mm and 2.3mm for the resected ACL and resected ACL & PCL soft
tissue conditions. Therefore the springs were only applied when the AP displacement was
higher than 2.5mm in the anterior direction. This was mainly at the start of the cycle when
the AF was at its highest. The stiff knee soft tissue condition, which had no soft tissue gaps,
resulted in very different AP and TR displacement profiles. However in the computational
study the lower tension resected ACL & PCL soft tissue condition resulted in a higher peak AP
displacement. This difference in response could be due to the differences in loading between
the two methods.
In the experimental study the kinematic alignment only resulted in lateral contact, this was
the only alignment condition that only resulted in contact on one side of the tibial compart-
ment. However kinematic alignment has resulted in good clinical outcomes, which contradict
the purely lateral loading determined in this study. This may be due to the limitations in the
experimental simulation of this alignment method as discussed previously such as the weight
of the AA arm. In the computational study, where this mass was not included, the contact
occurred on both the lateral and medial condyles. The contact positions were similar between
the kinematic and mechanical alignment conditions, however the kinematic alignment resul-
ted in contact on the anterior edge of the tibial insert under the lower tension soft tissue
conditions.
The lower tension soft tissue conditions resulted in increased TR rotation and a shift
in the AA rotation profile. The AA rotation was centred around 2°, 1.5° and 1° for the
stiff knee, resected ACL & PCL and resected ACL soft tissue conditions respectively in the
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experimental study. However in the computational model the AA rotation shifted due to
the different alignment conditions rather than the soft tissue conditions. The AA rotation
was centred around the difference in angle between the femoral and tibial components in the
coronal plane. For example under the kinematic alignment condition studied experimentally
the femoral component was at a valgus angle of 2.5° and the tibial component at a varus angle
of 3.4° and the AA rotation profile was centred around 6°.
In the computational study the kinematic alignment condition that was studied experi-
mentally also resulted in higher contact pressures. However if the contact pressure remains
below the yield stress of the UHMWPE then this may not result in increased fatigue wear.
Both the kinematic alignment conditions resulted in lower contact areas during the gait cycle
than the mechanical alignment condition. This reduction in contact area may result in a lower
surface wear rate.
The increased AA rotation that occurred under the kinematic alignment conditions may
result in knee pain [170], therefore the difference in angle between the femoral and tibial com-
ponents in the coronal plane should be kept to a minimum. Restricted kinematic alignment
methods ensure that kinematic alignment results in a mechanical axis of the leg within a
defined range in order to ensure good patient satisfaction. The angle between the components
in the coronal plane will affect the mechanical axis of the leg and this should be considered
during surgery.
Under the lower tension soft tissue conditions the kinematic alignment condition was found
to be stable under the experimental study, however in the computational study it was found to
result in contact on the anterior edge of the tibial component. The spikes in the TR and AA
rotations under the kinematic alignment condition studied experimentally under the resected
ACL & PCL soft tissue condition also suggests that the combination of alignment and soft
tissue conditions resulted in unstable motion. Therefore with kinematic alignment the soft
tissue conditions should also be taken into consideration in order to ensure stability.
7.7.5 Conclusions
The varus joint line alignment resulted in more medial loading and more balanced loading
under the lower tension soft tissue conditions compared to the mechanical alignment condition.
The rotated alignment condition resulted in significantly higher TR and AA rotations,
which may lead to knee pain and reduced patient satisfaction. The rotated alignment also
resulted in significantly higher wear rates under both the soft tissue conditions, however unlike
the other alignment conditions the wear rate was lower under the resected ACL & PCL soft
tissue conditions. With rotational mismatch the lower restraints allowed the TR rotation to
increase and reduce the mismatch between components, reducing the damage and contact
pressures.
The tibial slope alignment resulted in some instability and contact on the posterior edge
of the tibial insert. However the increase in anterior tibial displacement may be beneficial for
CR knees.
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The kinematic alignment conditions resulted in a shift in the AA rotation equal to the
difference in component alignment in the coronal plane. The higher AA rotation may result
in knee pain and therefore should be minimised where possible. Under the lower tension soft
tissue conditions there was also some instability with contact on the edge of the tibial insert.
The conditions of the soft tissues within the knee should therefore be taken into consideration
when performing kinematic alignment methods to ensure stability.
Component alignment and soft tissue conditions should be considered in combination
during TKR surgery in order to maintain stability and reduce wear rates.
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Chapter 8
Discussion and Further Work
8.1 Introduction
The aim of this research was to investigate the effect of surgical alignment in combination with
different soft tissue conditions on the kinematics and wear of a TKR. Both the component
alignment and soft tissue conditions were found to have a significant effect on the kinematics
and wear of the TKR studied.
Experimental studies were carried out using a DePuy Sigma CR TKR under a range of
alignment and soft tissue conditions. The effect on the kinematics was determined by finding
the average AP, TR and AA displacements during gait. The contact area was found using a
Tekscan pressure sensor. Finally wear studies were carried out over 2MC under each alignment
condition and a range of soft tissue conditions.
A computational finite element model was developed using Abaqus 6.14 to model the TKR
within the experimental simulator. The computational model was validated by comparing the
kinematics and contact area results with the experimental data. The model was then used
to investigate the effect of additional alignment conditions on the kinematics and contact
mechanics of the TKR.
Previous studies have determined that poor alignment can result in knee pain, lower knee
scores or early failure [26, 56, 68, 181]. Some studies found that a knee with a mechanical axis
>3° from neutral resulted in lower knee scores or that internal rotation resulted in knee pain
[26, 56]. However alignment of the TKR may not result in early failure, often failure occurs
due to a combination of factors such as alignment and BMI [32].
One cadaveric study investigating varus-valgus alignment determined that changes in the
load distribution of the TKR were proportional to the angle of the component alignment [201].
But that the cadaveric specimens with tight ligaments resulted in more balanced loading. This
study suggested that alignment on its own may not result in imbalanced loading, but that
it is the combination of alignment and the soft tissue conditions within the knee that are
important.
No previous studies have investigated the range of conditions in this study, and none have
used both experimental and computational methods to do so. The use of both experimental
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and computational methods has also allowed the computational model to be independently
validated using the experimental results. Previous studies have investigated the effect of soft
tissues within the knee and the effect of component alignment as individual variables but
not in combination. The combination of both of these factors may help to explain why poor
alignment may not necessarily lead to early failure.
8.2 Experimental Methods
All of the experimental investigations were carried out with a 6 station ProSim electro-
mechanical knee simulator.
The simulator was validated under both displacement control and force control conditions
in Chapter 2. This was carried out by verifying that the applied forces and displacements were
close to the input profiles. Under displacement control there was good profile following with
the applied values within ±5% of the input profiles. The wear rates under displacement control
were similar to those found under the same test conditions on a different, same generation
simulator.
Under force control conditions there was more deviation from the input profiles for the
AP force and TR torque. Tuning was carried out to minimise this deviation, however there
were still oscillations which may have been due to the movement of the TKR and the other
applied forces. For example the most oscillations in the TR torque occurred at the start of
the gait cycle where the AP force increased sharply from 0N to 270N. This increase in the
AP force may have impacted the application or measurement of the TR torque resulting in
oscillations. There was more variation between the stations of the simulator in the output
AP displacement and TR torque profiles. This may have been due to small differences in the
internal friction of each station, resulting in different displacements. However the wear rate
found under force control conditions was around the value expected compared to the wear
under displacement control, having accounted for the differences in kinematics. Despite the
increased variation in the applied forces and inter-station variation there was not a significant
increase in the 95% CI of the wear rate compared to displacement control.
Virtual springs were used within the simulator in order to represent the soft tissues within
the natural knee by applying restraints to the AP displacement and TR rotation. The profile
of each spring was uploaded onto the simulator, the displacement value from the previous
step was used to determine the correct spring force to apply. The use of virtual rather than
physical springs allowed the use of non-linear profiles and the ability to change both the spring
gap and tensions to any desired value. However the limitation of the virtual springs was the
delay in the force application; the virtual spring applied the spring force that would have
occurred in the previous step under a physical spring.
A Tekscan pressure sensor was used to take contact area measurements at four points
in the gait cycle. The use of the pressure sensor allowed the measurement of the position
and area of the tibiofemoral contact. Initially the pressure sensor was going to be used to
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investigate the effect on the contact pressure. However the measurement of the applied force
was poor and therefore the values of the force and contact pressure were not used (Section
2.7). During calibration the measured force value was accurate however this was not the case
during the gait cycle measurements. This difference may be due to the small contact areas
during the gait cycle compared to the much larger contact area necessary during calibration.
The weight of the tibial fixture was also found to have an impact on the output kinematics
under force control conditions (Section 2.5.6). One of the main limitations of the experimental
simulation was the weight of the AA arm, which affected the AA rotation. As force control
simulation had not been carried out before the effect of the weight of the parts within the
simulator had not previously been an issue. The weight of the AA arm was unable to be
varied however the weights of all the tibial fixtures used were kept as close to each other as
possible in order to remove variation due to weight.
Wear studies were carried out for 2MC and the average wear scar outlines were found
using a Matlab script. The Matlab script was developed in order to compare the shape and
position of the wear scars between studies more effectively and to calculate an accurate wear
scar area. Previously the outlines of the wear scars on each tibial insert were photographed,
with the contact area calculated using Image Pro-Plus. The Matlab code however allowed for
each outline to be digitised and normalised in terms of size, position and orientation relative
to the outer edge of the tibial insert. The average outline for each wear study could then be
calculated along with the 95% CI.
The alignment conditions studied in the experimental simulation were chosen to represent
the range found in vivo. This was based on previous studies in to component alignment,
which all used the same alignment method during surgery and a consistent post surgical
measurement method. The alignment conditions chosen reflected the “worst case” alignment
conditions that were found in these studies.
The use of the experimental simulation allowed the influence of the soft tissues and com-
ponent alignment to be studied. Despite the limitations of the experimental simulation, the
greatest being the weight of the AA arm, the experimental results allowed for the data for the
validation of the computational model as well as the determination of different wear rates.
8.3 Computational Methods
A finite element model was developed of the TKR in order to replicate the conditions within
the simulator. The output kinematics and contact area from the computational model were
validated by comparing the results with the experimental data.
Some computational studies have previously been carried out into the effect of component
alignment, mainly into the influence on the contact pressure of the tibial insert. There are
three computational studies that have investigated the effect of varus-valgus alignment on the
contact pressure, varus alignment was found to result in higher stresses than under valgus
alignment [52, 126, 189]. One previous computational study investigated the effect of the
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posterior tibial slope on the kinematics and contact pressure of a TKR [114]. Another previous
study determined that rotational alignment resulted in the highest wear rate compared to
varus-valgus and posterior tibial slope alignment conditions [135]. However in this study the
computational results were validated across a range of component alignment and soft tissue
conditions using experimental data.
There was good agreement between the computational and experimental methods. There
were some differences which may have been due to a number of issues, for example the weight
and internal friction of the simulator was not included within the computational model. This
resulted in significant differences in the AA rotation profiles. This was especially clear with the
kinematic alignment condition, where there was only lateral contact during the experimental
study but both medial and lateral contact in the computational model. There was also a
slight time delay in the output kinematics under the experimental simulation compared to
the computational simulation. Some of the output profiles resulted in similar peaks between
the two methods, however the peak in the computational simulation occurred slightly earlier
in the cycle.
The differences in the kinematics, especially the differences in the AA rotation resulted in
different contact areas on the tibial insert. Some of the differences in the contact area and
position may also have been due to the static measurement that was used in the experimental
simulation, in order to prevent damage of the Tekscan sensor, compared to the dynamic
computational model. In order to verify this a static computational model was run using the
experimental output kinematics (Section 5.5.1.3). The resulting contact areas were closer to
those found experimentally than the original computational model.
Under the lower tension soft tissue conditions there were greater differences between the
computational and experimental kinematics. These differences under the lower tension soft
tissue conditions may have been due to the higher displacement values that occurred under
these conditions. Therefore there may have been greater differences in the contact area or
contact position and differences in friction may have had more of an effect.
The computational model allowed the generation of kinematics without the weight and
internal friction inherent in the experimental simulator. It also allowed the accurate calcu-
lation of the contact area and the peak contact pressure during the gait cycle. The tibial
slope alignment condition was also only able to be run experimentally under the stiff knee
soft tissue condition due to its instability. However in the computational model it was able
to be run under all of the soft tissue conditions. This allowed the collection of data that was
too unstable to be generated experimentally as the input profiles could not be tuned before
the TKR dislocated. The computational simulation of the kinematic alignment condition
also resulted in more representative motion than that found experimentally; the experimental
study only resulted in lateral contact throughout the cycle.
The use of the computational model resulted in a wider range of alignment conditions to
be studied along with the calculation of the peak contact pressure. The model also showed
the potential effect of the limitations of the simulator, such as the weight and internal friction.
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8.4 Soft Tissue Conditions and Insert Design
This research experimentally investigated the effect of different soft tissue conditions on the
kinematics of the TKR. There are a range of soft tissue conditions that occur in vivo and this
range had not been simulated experimentally previously.
Measurement of the soft tissues within the knee is difficult in vivo. One study found
that the results of measurements of the soft tissues taken during and after TKR surgery were
different due to relaxation of the soft tissues over time [27]. Most studies that measure the
tension of the ACL and PCL ligaments do so on cadaveric specimens, which may not be an
accurate representation of the ligaments in vivo. Therefore the understanding of the properties
and stiffness of the ligaments and soft tissues within the knee is slightly limited. There are a
wide range of soft tissue conditions that occur in vivo and the soft tissues or ligaments could
vary over time.
One previous study investigated the effect of TR torque on the resulting TR rotation and
translation of cadaveric knees [113]. The TR torque was increased from 0Nm to 10Nm on
knees with an intact and resected ACL. The greatest effect of the ACL was determined to be
on the translation of the tibia rather than the rotation. Another study applied an anterior
force to cadaveric knees and measured the resulting AP displacement [73]. The resulting
displacement was determined to vary as the flexion of the knee varied. Therefore the restraint
applied by the ligaments within the knee also varies during flexion and extension
Many studies have used the experimental simulation of TKRs in order to determine the
kinematics or wear rate. There are a range of spring profiles that have been used under
force control conditions. One study compared two spring tensions of 7.24N/mm (soft) and
33.8N/mm (hard) to cadaveric knee joints using a knee simulator [194]. With the ACL and
PCL resected the cadaveric knee resulted in increased AP displacement and TR rotation.
With the hard springs and the resected ACL & PCL there was near normal AP displacement
however it reduced the TR rotation. Therefore the determination of the spring tensions within
the knee simulator may be a compromise. However the knee simulator used for the previous
study did not have separate AP and TR springs as in this study, instead the same springs are
used to restrict both motions.
In this study three different tibial insert designs were experimentally investigated to find
the effect of the tibial insert design on the output kinematics. The design of the tibial insert
particularly affected the TR position. A lower conformity insert had a higher peak position
which occurred earlier in the cycle. This was due to the lower conformity inserts allowing the
TR position to follow the shape of the TR torque profile more closely. The lower conformity
inserts also resulted in more anterior AP displacement.
The spring gaps and tensions affected the peak displacements in both the AP and TR
positions, particularly in the second half of the cycle when the axial force was at its minimum.
The lower conformity tibial insert was more sensitive to changes in the soft tissue conditions
with changes in the spring gap and spring tension resulting in larger changes in the kinematics.
A previous study [92] investigated the effect of different spring tensions and gaps on the
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output kinematics under force control on the same TKR. High tension springs (anterior re-
straint of 7.24N/mm and posterior restraint of 33.8N/mm) were tested with a 2.5mm and
0mm gap. Low tension springs (anterior and posterior restraint of 7.24N/mm) with a 2.5mm
gap were also studied to investigate the effect of spring tension.
The spring gap tests had similar results to this study. The low tension spring resulted in
a similar kinematic profile but with a higher amplitude. For the low tension TR springs the
maximum TR position in the previous study was higher than that determined in this study.
This may have been due to an offset between the sets of results of around 6°. However there
was less of a difference between the previous study and this study’s peak TR rotation for a
high tension spring with a 0mm or 2.5mm gap.
Differences in the results between studies may be due to differences in the test conditions
and simulators. For example this study used virtual springs rather than the two physical
springs used previously to apply both AP and TR restraint. Different knee simulators have also
been used; this study used a ProSim simulator compared to the Instron-Stanmore simulator
used in the previous study. The Instron-Stanmore simulator is pneumatic [197] compared
to the electro-mechanical simulator used for this study. Electro-mechanical simulators can
provide better kinematic following than the first generation pneumatic simulators [7].
In this study three different soft tissue conditions were defined in order to represent a stiff
knee, a knee with a resected ACL and a knee with a resected ACL & PCL. The representation
of the soft tissues within the knee is difficult due to a number of factors. These include
the variation between patients and the issues with measurement of the soft tissues while
they are in vivo. Therefore the validity or appropriateness of the soft tissue conditions are
difficult to determine. As the TKR used in this study was a CR TKR the resected ACL
soft tissue condition should be the most representative of patients with this TKR. However
there may be patients where damage to the soft tissues within the knee may occur during
or after surgery, in this case the resected ACL & PCL soft tissue condition may be more
representative. Conversely patients with a painful knee for a long period of time may have
less laxity of the knee due to the soft tissues becoming tighter. A lack of soft tissue release
during surgery or the use of a tibial insert which was too thick for the joint space may also
result in a stiff knee. This soft tissue condition may be the least likely to occur out of the
three conditions in this study, however it provides an insight into the effects of high tension
soft tissue conditions.
The effect of the soft tissue conditions on the kinematics and wear rates were determined.
The higher tension soft tissue conditions, representing a stiff knee, resulted in significantly
lower AP and TR displacements. The stiff knee condition also resulted in a significantly lower
wear rate than the resected ACL spring condition.
The stiff knee soft tissue condition was found to result in the most balanced loading
throughout the cycle, closely followed by the resected ACL soft tissue condition which only
resulted in unbalanced loading at the end of the cycle. However the resected ACL & PCL
soft tissue condition resulted in unbalanced loading with a majority of the contact pressure
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occurring through the lateral tibial condyle. The imbalanced loading that occurred with the
lower tension soft tissue conditions correlates with a different study that found that the lower
tension springs were more unstable and resulted in more imbalanced loading patterns [201].
Unbalanced loading could result in instability of the knee, lift off and patient dissatisfaction
[88, 153]. Small differences in the AA motion resulted in a significant effect on the contact
and the balance between the medial and lateral loading.
In the computational study the stiff knee soft tissue condition resulted in the highest peak
pressure values at all four points measured, however the difference in values was low for most
of the cycle.
The wear rate for the stiff knee soft tissue condition was significantly lower than that of
the resected ACL and resected ACL & PCL soft tissue conditions. This follows from the
kinematics results where the stiff knee soft tissue condition resulted in lower displacements
than the resected ACL and resected ACL & PCL soft tissue conditions. The kinematics for
the resected ACL and resected ACL & PCL soft tissue conditions were different, with the
resected ACL & PCL soft tissue condition resulting in higher peak displacements on both the
AP and TR profiles. However there was no significant difference in the range of motion of the
AP, TR and AA profiles, this may be why the wear rates were also similar.
The lower tension resected ACL & PCL soft tissue condition resulted in similar wear to
the resected ACL condition, however it also resulted in increased displacements and more
unbalanced loading. This may result in instability and reduce patient satisfaction.
The stiff knee soft tissue condition resulted in significantly lower wear rates than the
resected ACL soft tissue condition, it was also the only soft tissue condition to maintain contact
on both sides of the tibial insert at all the points studied. The stiff knee soft tissue condition
also resulted in higher peak pressures compared to the other two soft tissue conditions, however
the difference in the peak pressure values were low for most of the cycle.
These results imply that higher tension soft tissue conditions may result in better outcomes
for the patient. However this study has only investigated the mechanical impact of the soft
tissue conditions and not any impact on patient satisfaction. For example the stiff knee
soft tissue condition may result in a restricted range of motion, especially under high flexion
conditions, and therefore lower patient satisfaction.
Simulating the average soft tissue tensions will not represent the variation across different
patients. Patient variation should be represented in experimental simulation; in order to
simulate a patient with increased laxity in the knee an increased spring gap should be used.
The difference in spring tensions were found to have a lower effect on the high conformity
tibial inserts. To ensure a test is clinically relevant the spring conditions should be considered
with the tibial insert design in mind. For example a low conformity insert would not be used
in a patient with high laxity. In order to replicate the range of outcomes that occur in vivo,
experimental simulation must include a range of patient factors such as different soft tissue
constraints.
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8.5 Varus Joint Line Alignment Condition
In the experimental and computational study the varus joint line alignment conditions resulted
in similar output kinematics to mechanical alignment, which was similar to the result of a
previous study using the same TKR [92].
In this study there was found to be significantly lower wear under the varus alignment
condition than under mechanical alignment, however previous studies have found that >3°
varus alignment resulted in double the wear rates [66, 184]. This could be due to the design of
the TKRs used in the study or due to differences in the simulation of the varus leg alignment
compared to the varus joint line alignment in this study.
However the greatest effect of the varus alignment was on the loading pattern of the tibial
insert. The mechanical alignment condition resulted in balanced loading under the stiff knee
soft tissue condition and more unbalanced loading, with more lateral than medial compartment
loading, under the other two soft tissue conditions. However the varus alignment resulted in
unbalanced, mostly lateral loading under the stiff knee soft tissue condition and more balanced
loading under the lower tension, resected ACL and resected ACL & PCL soft tissue conditions.
Lateral loading of the tibial compartment has been shown to result in increased peak bone
strains on the medial compartment [162], an increase in the bone stress may result in tibial
implant migration.
The lateral loading under the stiff knee soft tissue condition and varus alignment was
converse to what has been found previously in other studies and to what was found using
the computational model [52, 151, 189]. However, previous studies simulated a varus leg
alignment rather than a varus joint line. The difference in loading under the experimental
methods may be due to differences in the AA rotation due to the weight of the AA arm
within the simulator. This may be why the computational model, where this limitation was
not present, resulted in more medial loading.
The difference in varus alignment angle between 4° and 2° had a minimal effect on the
kinematics, the difference in soft tissue conditions was more influential. The increase in varus
angle however did result in an increase in the medial compartment loading.
Under the stiff knee soft tissue condition the varus alignment conditions resulted in more
unbalanced loading than under mechanical alignment (Table 8.1). However under lower ten-
sion soft tissue conditions, such as in patients where the ligaments have been damaged or
removed a varus component alignment may result in more balanced loading. However as a
varus leg alignment results in a more medial joint force, which was not replicated in this
study, the loading conditions in vivo may be different to those found in this study. The varus
component alignment also resulted in lower wear rates compared to the mechanical alignment
condition under both the stiff knee and resected ACL & PCL soft tissue conditions studied.
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Table 8.1: Table showing the effect of combinations of varus alignment and different soft
tissue conditions, ranging from green (no adverse effects) to red (adverse mechanical and
trichological conditions)
8.6 Rotational Mismatch Alignment Condition
The rotated alignment condition resulted in a significantly higher TR rotation under the
experimental and computational studies. The TR rotation profile shifted resulting in more
internal rotation, but the same range of motion, as the rotational mismatch increased. This
shift in the TR rotation was similar to that found in a previous study with the same TKR
[92].
The increase in rotational mismatch between the components also resulted in an increase
in the amplitude of the AA rotation profile. There was a linear relationship between the
rotational mismatch of the components and the peak TR and AA rotations.
Internal rotation of the tibia increases the Q angle in the knee, this makes the quadriceps
muscle less efficient and results in a lateral pull on the patella which may lead to patellar
instability and increased pain. This follows with a previous study that found that internal
rotation of the TKR components correlated with knee pain [26]. An increased adduction
moment within the knee may also contribute to the development of knee pain [170].
The rotated alignment also resulted in unbalanced loading in the experimental study, with
mainly lateral loading in the first half of the gait cycle, followed by mainly medial loading
in the second half. Imbalance in the medial and lateral loading may result in instability of
the knee, lift off and patient dissatisfaction [88, 153]. This occurred under all the soft tissue
conditions studied.
There was also contact and damage that occurred on the medial posterior edge of the tibial
insert during the wear study. This damage resulted in plastic deformation on the posterior
tibial edge, which over an increased time period could result in early failure or instability of
the TKR.
As the rotational mismatch increased so did the peak contact pressure, while there was a
decrease in the contact area. This may be due to more loading on the posterior edge of the
tibial insert. The higher pressure found under the rotational mismatch alignment condition
corresponds to previous studies [52, 53].
The rotated alignment condition resulted in a significantly higher wear rate than the
mechanical alignment condition, this could be due to the increase in kinematics or due to
the contact on the edge of the tibial insert. This is similar to what was found in a previous
computational study [135].
The rotational mismatch of the components should be reduced as much as possible during
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surgery in order to keep the peak TR and AA rotations at a minimum. The change in the
rotational mismatch of the components had a greater effect than the differences in the soft
tissue conditions. However under the stiff knee soft tissue condition the restraint on the motion
resulted in the off centre contact and loading on the edge of the tibial condyle. The rotational
mismatch should be kept within 4°, at this angle the shape of the AP displacement and TR
rotation profiles were similar to those under mechanical alignment conditions (Table 8.2).
There was only a small increase in the peak AA rotation and in the peak contact pressures
compared to the mechanical alignment condition. Therefore TKRs with rotational mismatch
within 4° should not result in higher patient dissatisfaction. This is the case regardless of the
soft tissue conditions within the knee.
Table 8.2: Table showing the effect of combinations of rotated alignment and different soft
tissue conditions, ranging from green (no adverse effects) to red (adverse mechanical and
trichological conditions)
8.7 Posterior Tibial Slope Alignment Condition
In the experimental and computational studies the posterior tibial slope resulted in anterior
AP displacement throughout the gait cycle and resulted in more posterior contact including
contact on the posterior tibial edge. The increased anterior tibial motion and a more posterior
tibiofemoral contact point also correlates with previous studies into the effect of a posterior
tibial slope [114, 179].
A posterior tibial slope may be beneficial for a CR TKR; there tends to be more anterior
motion of the femur on the tibia in CR knees [153] compared to rollback of the femur which
occurs in natural knees. A positive correlation has been found between femoral-rollback and
higher clinical and functional scores [67]. In the computational study there was a greater
difference between the 4° tibial slope alignment condition and the mechanical alignment con-
dition than the 4° and 10° tibial slope alignment conditions under the stiff knee soft tissue
condition.
However in the experimental study the 10° posterior tibial slope alignment condition was
too unstable to be studied with the resected ACL or resected ACL & PCL soft tissue condi-
tions. With the computational methods the 10° tibial slope alignment condition was able to
run with these soft tissue conditions however there was still instability and an increase in the
peak TR rotation.
Under the stiff knee soft tissue condition the 10° and 4° posterior tibial slope alignment
conditions resulted in an increase in the peak TR rotation. This increase in the peak TR
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rotation could result in pain and instability clinically as discussed previously [22, 43, 64, 138,
153, 169, 175].
The posterior tibial slope alignment resulted in significantly higher wear rates than the
mechanical and varus alignments. There was more variation in the loading with this alignment
condition than with the others, this could be due to the tibial slope causing instability. In
the computational study the higher tibial slope alignment of 10° resulted in a higher contact
pressure than the 4° or mechanical alignment conditions for most of the cycle. This may be
due to the contact occurring near to the edge of the tibial insert.
The 4° tibial slope alignment condition resulted in more similar output kinematics as under
mechanical alignment conditions under the resected ACL and resected ACL & PCL soft tissue
conditions for the first half of the gait cycle. However after this point there was a sudden
increase in the anterior displacement resulting in edge contact and instability. There was
increased anterior displacement which may be beneficial for CR knees however the instability
under the low tension soft tissue conditions suggests 4° is too high a tibial slope for this design.
There was also increased TR and adduction rotations under the 4° tibial slope alignment
condition which may result in pain and instability clinically.
Both of the tibial slope alignment conditions resulted in higher contact pressure values
and contact on the edge of the tibial insert under all of the soft tissue conditions. This did
not occur under the mechanical alignment condition.
This study suggests that although a posterior tibial slope could be beneficial in providing
more anterior tibial displacement for this design a value less than 4° should be chosen (Table
8.3). This is to reduce the instability and edge contact on the tibial insert under lower tension
soft tissue conditions. Under the stiff knee soft tissue condition the 4° tibial slope alignment
condition was more stable but did not result in anterior displacement, therefore may not
provide any benefit for CR patients.
Table 8.3: Table showing the effect of combinations of tibial slope alignment and different
soft tissue conditions, ranging from green (no adverse effects) to red (adverse mechanical and
trichological conditions)
8.8 Kinematic Alignment Condition
In this study we were not able to measure wear rates in kinematic alignment as there was
only lateral contact in the experimental study. Kinematic alignment has received good clinical
results, the purely lateral contact found in this study may be due to the difficulty in pre clinical
testing of kinematic alignment. For example the alignment studied was based on clinical data
for the average positions and CI of the femoral and tibial components. The values used
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were those taken one standard deviation away from the mean, therefore this combination of
the femoral and tibial alignments may not occur in vivo. The main difference between the
mechanical and kinematic alignment methods is that under kinematic alignment the collateral
ligaments are never released, however in the simulator used for this study the soft tissues are
represented by displacement constraints in the AP and TR directions with no restraints in
the AA direction. Therefore the differences in the soft tissues between these two methods was
not able to be represented.
However in the computational study the mass of the AA arm in the experimental simulator
was not included, this allowed higher AA rotations resulting in contact on both the medial and
lateral tibial condyles. The computational simulation of the kinematic alignment condition
was therefore more representative of the conditions in vivo.
The kinematic alignment condition resulted in more anterior AP displacement in the
experimental and computational studies than most of the other alignment conditions studied.
The AA rotation profile was centred around the difference in angle between the femoral
and tibial components in the coronal plane so that the femoral and tibial components were
parallel. However this lead to a valgus leg alignment which increases the Q angle, which may
cause knee pain, instability and patella maltracking [22, 43, 64, 138, 153, 169, 175]. This angle
between the femoral and tibial components should therefore be reduced in order to minimise
the AA rotation that occurs during gait.
Restricted kinematic alignment methods ensure that kinematic alignment results in a
mechanical axis of the leg within a defined range in order to ensure good patient satisfaction.
The angle between the components in the coronal plane will affect the mechanical axis of the
leg and this should be considered during surgery.
In the computational results at most points in the cycle studied the kinematic alignment
condition based on half the experimental values resulted in the highest peak pressure under
the stiff knee soft tissue condition. This may be due to the AA rotation around the more
medial tibial centre of rotation resulting in higher pressures. Both the kinematic alignment
conditions also resulted in lower contact areas throughout the cycle which may have resulted
in higher peak pressures compared to the mechanical alignment condition. However under the
lower tension soft tissue conditions the experimental kinematic alignment condition resulted
in higher peak pressures.
Under the lower tension soft tissue conditions the kinematic alignment condition was found
to be stable in the experimental study, however in the computational study it was found to
result in contact on the anterior edge of the tibial component. The spikes in the TR and AA
rotations under the kinematic alignment condition studied experimentally under the resected
ACL & PCL soft tissue condition also suggests that the combination of alignment and soft
tissue conditions resulted in unstable motion (Table 8.4). Therefore with kinematic alignment
the soft tissue conditions should also be taken into consideration in order to ensure stability.
The increased AA rotation under both kinematic alignment conditions studied may result in
knee pain and instability clinically. Restricted kinematic alignment methods may reduce this
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risk.
Table 8.4: Table showing the effect of combinations of kinematic alignment and different
soft tissue conditions, ranging from green (no adverse effects) to red (adverse mechanical and
trichological conditions)
8.9 Clinical Significance
Currently in mechanical alignment of TKRs the aim is to keep the mechanical axis of the leg
within 3° of neutral. However this envelope of 3° has not been proven to be the desired range
of higher patient satisfaction and may also vary between different TKR designs.
Rotational alignment of the TKR is carried out using bony landmarks, which can be
difficult to determine. This can result in a range of rotational alignments, as shown in the
range of rotational mismatch values found in vivo (Section 1.11).
The tibial slope is defined as perpendicular to the mechanical axis of the tibia, which is
found using an extramedullary rod. However the angle of the rod will vary depending on the
attachment to the bony landmarks at the ankle and knee. Therefore there is some variation
in the angle of the tibial slope.
A literature review was carried out in order to determine the alignment of TKRs in vivo
(Section 6.3). The least variation in alignment was found in the coronal plane, with most
TKRs within 4° of the mechanical axis. The range of alignments was found to be up to 10°
in the sagittal plane and 14° in the transverse plane. The surgical guidelines for the TKR
studied were for no tibial slope, literature studies for alignment in the sagittal plane were
included if they had TKRs with similar guidelines. The alignment of most TKRs was lower
than these values and would have occurred closer to the desired axis. The aim of this study
was to investigate the range of alignments found in vivo therefore the high values of alignment
were chosen.
Our understanding of the effects of different alignment conditions on patient satisfaction
and early failure is not completely understood. Kinematic alignment is becoming more pre-
valent and results in a range of component alignments designed to keep the geometry of the
natural knee the same. One of the questions associated with kinematic alignment is whether
there should be a limit to the component alignment positions. For example that kinematic
alignment will be carried out but the mechanical alignment of the leg should still remain within
3° of neutral. The effect of kinematic alignment on the mechanics of the TKR is debated.
The mechanical effect of the TKR components being at different alignments with respect to
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each other is also not known. Current preclinical studies investigate the mechanics and wear
of TKRs under mechanical alignment, which is mechanical alignment rather than kinematic.
Therefore the femoral and tibial components are only studied when they are parallel to each
other which may not be the case under kinematic alignment.
This study has found that the effect of varus joint line alignment of the femoral and tibial
components resulted in similar kinematics, lower wear rates and different loading patterns.
The varus alignment resulted in more medial tibial loading. Varus alignment may be beneficial
in patients with lower tension soft tissue conditions such as the resected ACL & PCL soft tissue
condition studied as this resulted in more balanced tibial loading than mechanical alignment.
The rotational mismatch alignment condition resulted in much higher TR and AA rota-
tions which may cause a range of issues such as knee pain and patella maltracking. There
was also significantly higher wear rates with 14° rotational mismatch compared to mechanical
alignment under both the soft tissue conditions studied. Regardless of the soft tissue condition
the rotational mismatch may result in low patient satisfaction. Current methods of rotational
alignment during TKR surgery may need to be improved in order to reduce the rotational
mismatch than occurs in vivo.
A posterior tibial slope may be beneficial for a CR TKR as it may help to result in a
more posterior femorotibial contact. In this study a posterior tibial slope of 10° was found
to be unstable and resulted in significantly higher wear rates than the mechanical alignment
condition. However a lower posterior tibial slope may be beneficial in restoring more natural
motion of the knee. Even under the 4° tibial slope alignment condition the shift in the anterior
displacement was only around 1mm and there was instability therefore a lower tibial slope
may be more stable but not provide a benefit to the patient.
The experimental simulation of the kinematic alignment condition proved to be difficult
and more realistic results were found using the computational model. Simulation of kinematic
alignment is difficult due to the relationship between the soft tissues in the knee and the
alignment of the TKR components which cannot be replicated within the simulator; the
“correct” alignment will vary between patients. The kinematic alignment condition resulted
in a lower contact area compared to mechanical alignment, which may result in lower wear
rates. However the kinematic alignment also resulted in high AA rotation, which may lead
to knee pain [170]. However the value of the AA rotation will depend on the angle of the
femoral and tibial components in the coronal plane. In order to reduce the AA rotation limited
kinematic alignment could be defined in order to keep the difference in angle of the femoral
and tibial components within a certain range.
8.10 Limitations
Some of the limitations of the experimental and computational simulations have already been
discussed. One of the main limitations are the mass and friction of the experimental simula-
tion, which particularly affected the AA rotation.
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One of the limitations in the experimental simulation was the variation between the sta-
tions of the simulator with respect to the kinematics, contact area and the wear rates. In some
cases this made the results less clear between studies, particularly under the lower tension
soft tissue conditions. This variation may be due to differences between the stations such as
differences in internal friction.
Another limitation is the simulation of the soft tissue conditions. As mentioned previously
the soft tissues within the knee are difficult to measure in vivo, meaning the range and material
properties that occur in the population is unknown. The use of the virtual springs within
the simulator is an approximation of the response of the soft tissues. However the natural
tissues have a more complex response, for example the change in response as the knee flexes
and extends. The AP and TR springs profiles are designed in order to represent all of the soft
tissues within the knee, however in the natural knee there would not just be restraints in the
AP and TR directions; the collateral ligaments would apply a restraint on the AA rotation.
The choice of the alignment conditions studied was based on previous research into align-
ment in vivo. The studies included were reduced to try to remove variations in surgical
procedure and measurement of the alignment. However these studies investigated a range of
TKR designs and therefore the alignment may not be representative of the TKR used in this
study. A more conforming TKR may result in less variation in alignment while a TKR with
lower conformity may result in a wider variation.
This study simulated a varus joint line rather than a varus leg alignment. Clinically a
varus leg alignment has been found to result in a more medial joint force, which was not
replicated in this study with the application of the axial force. Therefore the loading patterns
found in this study under the varus joint line alignment condition may be different to those
for a varus leg alignment.
The experimental simulation of the kinematic alignment condition was also a major limit-
ation. The weight of the AA arm restricted the AA rotation resulting in only lateral contact
on the tibial insert. The simulation of kinematic alignment is difficult to carry out as the
component alignment depends so heavily on the natural geometry of the patient’s knee as
well as the soft tissue conditions within the knee. In this study values of the femoral and
tibial alignments were taken from a study where they were not recorded in relation to each
other. Therefore the combination of the valgus femoral and varus tibial alignments may not
have occurred in vivo in the same patient. The choice of the kinematic alignment values is
therefore an estimation of what could happen in vivo but is not an accurate representation of
any particular patient.
This study also determined that the response to different soft tissue conditions was influ-
enced by the geometry of the tibial insert. Therefore a different TKR design may respond
completely differently to the same alignment and soft tissue conditions in this study. The ef-
fect of the alignment and soft tissue conditions can not be generalised to all TKRs, especially
those of fundamentally different designs such as posterior stabilising TKRs.
This study investigated the mechanical impact of the alignment and soft tissue conditions
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on the TKR. The effect of these conditions on the patient satisfaction was not investigated
and can only be suggested based on other research. For example the effect of the component
alignment and soft tissue conditions on the patient’s range of movement and pain were not
possible to identify. The higher tension soft tissue conditions may have mechanically bet-
ter outcomes, however may also result in poor range of motion and therefore poor patient
satisfaction.
This research carried out a systematic investigation into the combined effect of component
alignment and soft tissue conditions within the knee. Both experimental and computational
methods were used in order to determine the effect of a number of alignment and soft tissue
conditions. The computational model was independently validated using the experimental
data. No previous studies have investigated the effect of alignment in the coronal, transverse
and sagittal planes and not in combination with soft tissue conditions,
8.11 Conclusions and Further Work
This research investigated the effect of component alignment and soft tissue conditions of a
TKR on the kinematics and wear. Surgical alignment and soft tissue tensions significantly
affected the kinematics and wear rates in this study. Rotational mismatch and a large posterior
tibial slope resulted in the most adverse effects in terms of the mechanics of the TKR. The
4° varus alignment was found to be beneficial under lower tension soft tissue conditions on
the kinematics and loading of the tibial insert. Rotational mismatch should be minimised
in order to prevent anterior knee pain and instability due to high TR and AA rotation. A
posterior tibial slope may be beneficial for CR knees however for this TKR the tibial slope
should be kept lower than 4° in order to prevent instability. The angle between components
in the coronal plane should be minimised in kinematic alignment methods in order to reduce
the AA rotation and prevent knee pain.
Further investigations should be carried out into the effects of alignment in combination
with soft tissue constraints to determine the most adverse biomechanical conditions and causes
of early failure. In this study only a set number of alignment conditions were investigated and
this was only carried out on one design of TKR. Further study into combinations of alignment
conditions in multiple planes should also be carried out in order to determine the effect of
their interaction.
Investigations into different designs of TKRs would also determine what variations there
are between TKR designs in terms of their response towards component alignment and soft
tissue conditions. For example a TKR with higher conformity may result in less variation in
kinematics due to the soft tissue conditions but higher contact pressures due to changes in
component alignment.
The use of actual patient data in the simulation of kinematic alignment may also result in
more realistic simulations. As the component angles depend on the soft tissues of the particular
patient both the post surgical alignment and soft tissue tensions should be considered together
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in the simulation.
Reductions in the limitations of both the experimental and computational methods may
also aid this. The mass of the AA arm in particular in the experimental simulation had a large
influence on the loading of the tibial insert, especially the kinematic alignment condition. A
more reliable method for experimental measurement of the contact pressure would also be
beneficial as the Tekscan sensor was not able to measure the contact over the small contact
areas in this TKR.
The computational model could also be improved in order to get output kinematics closer
to those found experimentally. The computational simulation could also be extended in order
to predict the wear rate of the TKR alignment and soft tissue condition. As experimental
wear studies require a long time this would provide a much quicker estimation of the wear
rate.
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Table A.1: Gait cycle points and the AF and FE, AP, TR and AA displacements at which
the contact pressure and area measurements were taken for the ideal alignment condition
Soft Tissue Condition Point AF (N) FE (°) AP (mm) TR (°) AA (°)
Stiff Knee
1 1402 -25.3 0.7 0.1 -0.7
2 2433 -22.4 0.3 2.6 -0.6
3 624 0.1 1.9 3.5 0.4
4 168 27.9 -0.1 -0.2 0.6
Resected ACL
1 1402 -25.3 1.9 0.4 -0.7
2 2433 -22.4 0.6 3.6 -0.7
3 367 4 5.4 7.0 -0.1
4 168 27.9 -0.7 -0.3 1.2
Resected ACL & PCL
1 1402 -25.3 1.9 0.5 -1.7
2 2433 -22.4 0.6 3.6 -1.6
3 275 6 6.6 7.7 -1.3
4 168 27.9 0.1 -0.9 0.4
Table A.2: Gait cycle points and the AF and FE, AP, TR and AA displacements at which
the contact pressure and area measurements were taken for the varus alignment condition
Soft Tissue Condition Point AF (N) FE (°) AP (mm) TR (°) AA (°)
Stiff Knee
1 1402 -25.3 1.3 0.5 -0.1
2 2433 -22.4 0.9 2.7 -0.2
3 952 -3.9 2.6 3.7 -0.1
4 168 27.9 0.2 0.4 0.0
Resected ACL
1 1402 -25.3 2.9 0.2 0.6
2 2433 -22.4 1.7 3.6 0.3
3 367 4.1 5.8 7.8 0.5
4 168 27.9 1.3 3.0 1.7
Resected ACL & PCL
1 1402 -25.3 3.0 -0.1 0.6
2 2433 -22.4 1.7 3.6 0.4
3 275 6.1 7.6 8.2 0.3
4 168 27.9 2.7 0.1 0.8
Table A.3: Gait cycle points and the AF and FE, AP, TR and AA displacements at which
the contact pressure and area measurements were taken for the rotated alignment condition
Soft Tissue Condition Point AF (N) FE (°) AP (mm) TR (°) AA (°)
Stiff Knee
1 1402 -25.3 1.5 7.0 1.6
2 2433 -22.4 0.6 11.8 0.6
3 1682 -11.5 1.8 11.8 1.8
4 168 27.9 -0.3 1.5 -0.3
Resected ACL
1 1402 -25.3 3.0 9.7 3.0
2 2433 -22.4 1.3 15.1 1.3
3 624 0.1 5.6 15.7 5.6
4 168 27.9 1.4 8.1 1.4
Resected ACL & PCL
1 1402 -25.3 2.9 10.3 2.9
2 2433 -22.4 1.4 16.2 1.4
3 367 4.1 7.6 17.7 7.6
4 168 27.9 2.0 9.8 2.0
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Table A.4: Gait cycle points and the AF and FE, AP, TR and AA displacements at which the
contact pressure and area measurements were taken for the kinematic alignment condition
Soft Tissue Condition Point AF (N) FE (°) AP (mm) TR (°) AA (°)
Stiff Knee
1 1402 -25.3 -1.6 -1.1 2.2
2 2433 -22.4 -2.3 1.1 2.1
3 484 2.1 0.9 2.7 2.1
4 168 27.9 -0.4 0.4 2.1
Resected ACL
1 1402 -25.3 -3.7 0.2 1.0
2 2433 -22.4 -4.8 3.5 1.0
3 210 8.1 2.3 6.4 0.7
4 168 27.9 -3.0 1.5 1.2
Resected ACL & PCL
1 1402 -25.3 -3.7 0.2 1.7
2 2433 -22.4 -4.8 3.6 1.7
3 210 8.1 2.3 6.5 1.4
4 168 27.9 -3.1 1.8 1.9
Table A.5: Gait cycle points and the AF and FE, AP, TR and AA displacements at which the
contact pressure and area measurements were taken for the tibial slope alignment condition
Soft Tissue Condition Point AF (N) FE (°) AP (mm) TR (°) AA (°)
Stiff Knee
1 1402 -25.3 -0.5 -0.5 -1.1
2 2433 -22.4 -1.0 2.1 -1.3
3 624 0.1 1.1 4.2 -0.3
4 168 27.9 -0.4 -0.9 0.4
